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ABSTRACT

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of
leukodystrophy characterized by macrocephaly and white matter vacuolation. The
pathogenesis of the disease is suggested to be caused by an impaired water and ionic
homeostasis by glial cells. MLC is caused by mutations in MLC1, GLIALCAM, GPRC5B
and AQP4. MLC1 and GLIALCAM encode for membrane proteins that form a complex
in astrocytes, whose exact function remains unclear. Following studies identified the G-
protein-coupled receptor GPRC5B as an important member of the GlialCAM/MLC1
interactome and relevant to the regulation of related physiological processes. One of the
main objectives of this thesis is to determine the role of GPRC5B and its signalling activity
related to the pathophysiology of MLC. We determine that MLC1 has a negative
modulatory effect on GPRC5B signalling pathways. Besides, we propose that mutations
in GLIALCAM that encode for residues located in GlialCAM IgC2 domain are pathogenic
due to the increased stability of GliaICAM oligomeric structures. Moreover, we give
evidence that Glial CAM endocytosis is mediated by GPRC5B. We also study the recent
identified mutations in GPRC5B known to cause MLC and observe a resistance to
internalization resulting in the same outcome as those GlialCAM IgC2 mutations. Another
objective of this thesis is to obtain the tridimensional structure of MLC1. We have
achieved a preliminary structure of homo-trimeric MLC1 at a resolution of 7 A,
approximately. At the same time, we have developed nanobodies that specifically

recognize MLC1 to help orientate particles during cryo-electron microscopy (cryo-EM).
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INTRODUCTION

The main purpose of this thesis has been to gain a better understanding into the
pathophysiology of Megalencephalic Leukoencephalopathy with Subcortical Cysts
disease by improving our knowledge of the physiological role and the regulation of the
proteins known to be involved in it. Since our group is mostly focused on studying this
disease, several thesis have pursued the same objective. However, this project has
particularly focused on the role of GPRC5B on MLC pathogenesis and the structural

resolution of MLC1 protein.

We have studied the interplay between GPRCS5B and its signalling with MLC1 and
GlialCAM proteins. Right before the beginning of this thesis, GPRC5B was identified by
our group as a member of the MLC1/Glial CAM interactome. During this project, GPRC5B
has also been identified by others as the third gene causing MLC, which has gained

interest in understanding its role and regulation of signalling pathways.

In this Introduction, we first sum up MLC and its main features, both at a clinical and at
a genetic-biological level. We present MLC1 and GlialCAM extensively, including the
available information regarding their role in MLC pathogenesis based on their mutations.
The second part of the introduction consists of an overview of G-Protein-Coupled
Receptors (GPCRs) and their classification. We focus on orphan receptors GPR37,
GPR37L1 and GPRCS5 family due to their relevance in the pathophysiology of MLC
disease. Lastly, since one of the main objectives of this thesis has been to obtain the
tridimensional structure of MLC1 protein, the third chapter of this introduction reviews the
study of membrane proteins in structural biology from different methods for protein

expression to the strategies followed for achieving a good particle orientation.
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INTRODUCTION

1. MLC DISEASE

1.1 CNS OVERVIEW

The Central Nervous System (CNS) is responsible for receiving, processing, and
responding to sensory information. It consists of two basic cell types: neurons and glial
cells. Neurons are specialized cells in charge of transmitting rapid electric signals in form
of action potentials. They connect with each other through synapses that are specialized
intracellular adhesion sites. During the neuronal signalling process, the action potential
propagates through the axon of the neuron to the pre-synaptic region of the neighbouring
neuron, where neurotransmitters are released. These molecules will bind to the
receptors from the post-synaptic membrane of a second neuron, which will continue to

transmit the electric signal.

Glial cells are the most abundant cells in the brain. They are responsible of maintaining
the homeostasis, modulating the synapsis, and mediating immune responses, among
other functions. Glial cells in the CNS can be classified into four types based on their
morphology, function, and localization: astrocytes, microglia, ependymal cells, and

oligodendrocytes (Kettenmann and Verkhratsky, 2011).

In the CNS, astrocytes are the most abundant cell type. They provide trophic and
structural support to the neurons. Microglia are known as the resident macrophage of
the CNS. They are the principal effector of neuroinflammation and can become promptly
activated with different stimuli. Ependymal cells are connected through adherent, gap,
and tight junctions forming the cerebral epithelium, which is a fundamental part of the
blood-brain barrier (BBB). Oligodendrocytes produce myelin sheaths to wrap neuronal

axons. They have a small soma with long branched prolongations.

Myelin is the specialized plasma membrane of oligodendrocytes. It is distributed as
concentric layers around the axon, alternating electrodense layers with clear layers. The
first ones are the result of fusion between membranes, while the clear ones are due to
extracellular matrix fusion. Mature myelin is the laminar structure resulting from the
compact layers. Myelin sheaths wrap axons dividing them into segments called
internodes, which provide the axons with electric insulation. The spaces between
internodal areas are not insulated and they are called the Ranvier nodes. Internodal
areas contain dense ion channels and transporters responsible for regenerating action

potentials at the end of each internode. The action potential has to ‘jump’ from one node
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to the next one in a process called saltatory conduction (Huxley and Stampfli, 1949). It

allows for rapid nervous impulse transmission and minimizes its energy expense.

Myelinated axons conform the white matter. During the first stages of postnatal brain
development, myelination occurs (Kamholz, 1996). The cells responsible for this process
are oligodendrocyte precursor cells (OPCs) which migrate from germinal zones to
unmyelinated axons. Both formation and maintenance of white matter are essential for
neuronal network connectivity, which is the basis of brain function (Domingues et al.,
2016, Liedtke et al., 1996).

Myelin alterations can lead to a wide variety of neurological diseases. Autoimmune
diseases can result in myelin damage, for example, multiple sclerosis. Environmental
factors, such as the exposure of organic solvents, can impair the myelin function. Genetic
diseases caused by mutations in myelin-related genes are also described. Among the

genetic disorders, leukodystrophies are found.

1.2 DEMYELINATING LEUKODYSTROPHIES

The term leukodystrophy has a Greek origin that translates as follows: leuko for white,
dys for abnormal and trophy for growth. Leukodystrophies were originally defined as a
group of genetic neurodegenerative disorders, primarily affecting the white matter in the
CNS. However, with the increasing knowledge on the subject they were redefined as
heritable disorders affecting the white matter of the CNS, sharing glial cell or myelin
sheath abnormalities. The neuropathology of leukodystrophies is primarily characterized
by the involvement of oligodendrocytes, astrocytes and other non-neuronal cell types,
although in many disorders the mechanism of disease remains unknown, and in other

cases is suspected to include significant axonal pathology (Vanderver et al., 2015).

Leukodystrophies include a wide range of hereditary disorders. Concerning their clinical
evolution, they can be progressive, lethal, static, or even ameliorate with time. The onset
may be at any age, from prenatal life to senescence. The wide range of genes identified
to cause leukodystrophies lead to a subclassification of the disorder. Initially,
leukodystrophies were classified into four groups: hypomyelinating (deficient myelin
production), demyelinating (myelin degradation), dysmyelinating (biochemically and
structurally abnormal myelin production) and myelinolytic (vacuolated myelin) (Naidu,
1999).
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Later, Dr Marjo van der Knaap proposed a new classification that included astrocytes,

neurons, microglia, and blood vessels defects to the existing criteria of alterations in

oligodendrocytes and white matter (van der Knaap and Bugiani, 2017). The designed

classification is displayed in Table 1.

MYELIN DISORDERS

Hypomyelination

a.
b.

Pelizaeus-Merzbacher disease
Peripheral neuropathy, central
hypomyelination, Waardengurg-
Hirschsprung
Cx47-related
disease
Hypomyelination on
structures

Pelizaeus-Merzbacher-like

early myelinated

Demyelination

a. Metachromatic leukodystrophy

b. Multiple sulfatase deficiency

c. Globoid cell leukodystrophy (Krabbe
disease)

d. X-linked adrenoleukodystrophy, cerebral
form

Myelin vacuolization

a. Mithocondrial diseases with
leukoencephalopathy

b. Phenylketonuria

c. Canavan disease

d. Other selected disorders of amino acid
metabolism

e. Cx32-related (X-linked) Charcot-Marie-
Tooth disease

Astrocytopathies

a. Alexander disease

b. Megalencephalic leukoencephalopathy with
subcortical cysts

c. Clc-2 - related disease

d. Vanishing white matter

e. Aicardi-Goutiéres syndrome and variants

f.  Oculodentodigital dysplasia (Cx43)

g. Giant axonal neuropathy

Leuko-axonopathies

a.

g.

Hypomyelination with atrophy of the basal
ganglia and cerebellum

Hypomyelination with congenital cataract
Early-onset neuronal degenerative
disorders

1. Gangliosidosis GM1 and GM2
Infantile neuronal ceroid lipofuscinosis
AGC1-related disease

AIMP1-related disease

. HSPD1-related disease

Pol lll-related leukodystrophies
Leukoencephalopathy with brainstem and
spinal cord involvement and high lactate
Hypomyelination with brainstem and spinal
cord involvement and leg spasticity

Giant axonal neuropathy

aokrwnN

Microgliopathies

a.

b.

CSF1R-related disorders

1. Hereditary diffuse
leukoencephalopathy with spheroids

2. Pigmentary ortochromatic
leukodystrophy

Nasu-Hakola disease

Leuko-vasculopathies

a.

Cerebral autosomal dominant arteriopathy
with subcortical infracts and
leukoencephalopathy

Cerebral autosomal recessive arteriopathy
with subcortical infarcts and
leukoencephalopathy

Cathepsin A-related arteriopathy with
strokes and leukoencephalopathy
Leukoencephalopathy with calcifications
and cysts

Table 1. Classification of leukodystrophies. The table is meant to give examples and not
to be exhaustive. Adapted from (van der Knaap and Bugiani, 2017).

37



MLC DISEASE

1.3 MEGALENCEPHALIC LEUKOENCEPHALOPATHY WITH SUBCORTICAL
CYSTS (MLC)

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare genetic
leukodystrophy disorder classified into the group of astrocytopathies. MLC was first
discovered in 1995 by Dr van der Knaap who described eight children with cerebral
leukoencephalopathy and megalencephaly (van der Knaap et al., 1995). Independently,
the following year Dr Singhal described thirty patients in India presenting the same
disease (Singhal et al., 1996). As commonly seen in rare diseases, their prevalence is
usually found increased in populations where consanguinity is prevailing (Topcu et al.,
1998). In this case, MLC is most prevalent in the Agrawal community in East India
(Gorospe et al., 2004), Jewish families in Lebanon and Turkey (Ben-Zeev et al., 2002),
and some families in Japan (Shimada et al., 2014) and Italy (Montagna et al., 2006),

among others.

MLC diagnosis is made based on characteristic abnormalities observed with brain

Magnetic Resonance Imaging (MRI) (Figure 1). The alterations may include:

- Bilateral atrophy and swelling in brain hemispheres.

- Abnormally diffuse white matter.

- White matter in the corpus callosum, internal capsule and brain stem are better
preserved. Subcortical regions and periventricular areas in the occipital brain are
also less affected.

- White matter in the cerebellum not swollen, although the signal is lightly
abnormal.

- Subcortical cysts in the anterior-temporal brain. Cysts can grow in number and
size with time. In some cases, they expand to the great majority of white matter.

- Cerebral atrophy replaces inflammation in white matter as the disease
progresses. MRI signal can return to normality in some individuals.

- Unaffected grey matter.

The first symptom for most patients is an increased head circumference within the first
year of life accompanied by a mildly delayed initial motor development. Other symptoms

may include:

- Macrocephaly during the first year of life that can reach 4 to 6 SD above
population mean. Head growth is then reduced to normal and the growth curve

for head size in MLC patients continues a parallel evolution to healthy children.
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- Motor function slow decline, mild cerebellar ataxia and spasticity appearing in
late-childhood and adolescence. Patients present difficulty walking and postural
instability.

- Dysarthria.

- Epileptic seizures in early stages.

- Temporary exacerbation of signs and symptoms after minor head trauma.

- Cognitive impairment with a mild to late-onset.

- Behavioural problems.

- Autism.

Figure 1. Brain MRI of an MLC patient. Comparison between an MRI from an MLC patient
(A, B) and one from a healthy individual (C, D). The transverse T2-weighted images show
diffusely abnormal, slightly swollen white matter in the patient (A compared to C). The sagittal
T1-weighted images show subcortical cysts in the anterior-temporal and parietal subcortical
region (B compared to D). Extracted from (Leegwater et al., 2002).

Awide variability in pace and severity of the disease has been identified, even for patients
carrying the same mutation or among relatives (Blattner et al., 2003), suggesting that
environmental factors might influence the clinical outcome. Given the fact that MLC has
been known for a relatively short time, information about the lifespan is limited. There
are documented cases of patients alive in their fifties, while others have died in their

teens or twenties.

Furthermore, two phenotypes of MLC disease were described: a progressive and a
remitting phenotype. In fact, it was not until 2010 when it was identified a group of
patients showing a mild MLC phenotype (van der Knaap et al., 2010). Although those
patients presented the typical MLC symptomatology during the first years of life, their
symptoms ameliorated with time. Patients showed macrocephaly during the first years,
small cognitive impairment, and difficulty in motor function without ataxia nor spasticity.
Epileptic seizures were present, but they also improved with age (Lépez-Hernandez et
al., 2011a). MRI scans from an MLC patient presenting a remitting phenotype are

displayed in Figure 2.
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Figure 2. Brain MRI from MLC patients with remitting phenotype. Sagittal T1-weighted
(A-C) and axial T2-weighted (D-F) images from a patient with remitting MLC at ages of 9
months (A, D), 1.5 years (B, E) and 3.5 years (C, F). The earlier MRI fulfils the standard criteria
for MLC, but the following scans did not: white matter abnormalities had improved and the
anterior temporal cyst was reduced (shown in arrows). At 3.5 years, the subcortical white
matter was still slightly T2-hypertense (F). Extracted from (van der Knaap et al., 2012).

Thus, according to the clinics, MLC patients can be classified into those presenting a
‘classical’ phenotype and those who show a remitting phenotype. As it will be explained
later in this introduction (see Section 1.3.1), genetic differences are responsible for these

different variants of the disease.

A decrease in the concentration of various osmolytes in the brain of MLC patients was
observed using proton-magnetic resonance spectroscopy. These results suggested that
there would be an accumulation of water in the cerebral tissue of the patients
(Brockmann et al., 2003, Sener, 2003).

Histopathological studies revealed a spongiform degeneration of white matter and
vacuole formation in outer myelin layers. Inner layers, however, were unaffected (van
der Knaap et al., 1996). The observation that vacuoles are solely found in outer parts of

the myelin suggested that they would not affect dramatically the nervous transmission.
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1.3.1 MLC GENETICS

Genetic linkage analysis from affected Turkish families determined that the first gene
causing MLC was located on the chromosome 22 (Topgu et al., 2000). Posterior studies
identified that the gene KIAA0027 [MIM604004] located in the locus of chromosomes
22q13.33 was causing MLC. This was the first gene associated with the disease and it

was consequently renamed MLC1 (Leegwater et al., 2001).

MLC1 gene comprises 26 kb and 12 exons, the first of them being non-coding. Two
alternative transcripts (NM_015166.3 and NM_139292.2) have been described. Even
though they differ in the first exon, they result in the same mRNA that codifies for the
same MLC1 protein. In a recent literature review, 151 MLC1 variants have been found in
patients with a confirmed MLC diagnosis. Around 40% of these mutations are missense,
30% are either deletions or insertions and 30% are splicing mutations. Nonsense

mutations represent only 2% of the described cases (Passchier et al., 2024).
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Figure 3. Overview of MLC1 variants found in MLC patients. MLC1 gene is depicted.
Exons are indicated by blocks and introns by lines, both are drawn in scale. All variants are
schematically indicated above (exonic) or below (intronic) the gene. Variants are represented
approximately in their relative positions. Extracted from (Passchier et al., 2024).
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Approximately 76% of MLC patients bear mutations in MLC1 (Leegwater et al., 2002,
Topcu et al., 1998). Their inheritance pattern is autosomal recessive. Most MLC patients
carrying mutations in MLC1 present the classic phenotype. However, two patients with
mutations in MLC1 presenting radiological improvement have been identified (Hamilton
et al., 2018). Furthermore, in this thesis, we have also identified and characterized an
MLC patient carrying two MLC1 variants showing radiological improvement (see Results

Chapter 1). In Figure 3, MLC1 gene is displayed with all the described mutations.

Around 22% of MLC patients harbour mutations in HEPACAM gene [MIM611642].
Although the gene was initially called HEPACAM, we prefer the name GLIALCAM
because of its prominent expression in glial cells in the brain. This gene was linked to
MLC by our research group in a proteomic analysis aimed at the identification of MLC1
protein interacting partners. Thanks to this discovery, GLIALCAM mutations were

identified as the second disease-causing gene (Lopez-Hernandez et al., 2011a).

GLIALCAM is located in the locus 11924.2. It comprises 17 kb and 7 exons with a non-
coding region at the 3’ end. In a recent literature review, 29 GLIALCAM variants have
been described in MLC patients. Around 70% of these mutations are missense, 3 are
deletions and 4 of them are nonsense mutations. Only one splicing mutation has been
identified (Passchier et al., 2024).

Mutations in GLIALCAM can cause two distinct phenotypes named MLC2A or MLC2B
based on their inheritance pattern. MLC2A corresponds to the classic phenotype and it
is inherited in an autosomal recessive manner. Most mutations causing this phenotype
are missense. On the contrary, MLC2B conforms the benign or remitting phenotype and
it is inherited in an autosomal dominant manner (Lopez-Hernandez et al., 2011a, van der
Knaap et al., 2010). It is only caused by missense mutations (Arnedo et al., 2014a, van
der Knaap et al., 2012). In Figure 4, all GLIALCAM variants found in MLC patients are
displayed.
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Figure 4. Overview of GLIALCAM variants found in MLC patients. GLIALCAM gene is
depicted. Exons are indicated by blocks and introns by lines, both are drawn in scale. All
variants are schematically indicated above (exonic) or below (intronic) the gene. Variants are
represented in their relative positions. Dominant GLIALCAM variants are marked in blue, while
recessive variants are marked in black. Extracted from (Passchier et al., 2024).

For years, a small percentage of MLC cases (2%) could not be explained by mutations
in the previous identified disease-causing genes. It was not until recently that genetic
studies performed in five MLC patients not bearing any pathogenic variants in MLC1 nor
GLIALCAM discovered two new genes responsible for causing MLC (Passchier et al.,
2023). These genes are GPRC5B and AQPA4.

GPRC5B [MIM605948] is located in locus 16p12.3. It comprises 28 kb and 3 exons. Two
duplications arose de novo were identified in three patients. These mutations are
dominant and display a non-remitting phenotype. On the other hand, AQP4 [MIM600308]
is located in locus 18q11.2. It comprises 14 kb and 4 exons. Only two siblings born of
consanguineous parents presented a missense mutation in this gene. This recessive
mutation cuases a remitting phenotype. In Figure 5, variants found in GPRC5B and

AQP4 are represented.
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Figure 5. Overview of GPRC5B and AQP4 variants found in MLC patients. On the left,
GPRCS5B gene is depicted. Exons are indicated by blocks and introns by lines, both are drawn
in scale. Described variants are schematically indicated above the gene in their relative
positions. On the right, AQP4 gene is depicted. Exons are indication by blocks and introns by
lines, both drawn in scale. The single identified variant is schematically indicated above the
gene in its relative position. Extracted from (Passchier et al., 2024).

1.3.2 MLC1 PROTEIN

Generalities, Expression, and Localization Studies of MLC1

MLC1 encodes for a membrane protein with the same name. Its length is 377 amino
acids and its molecular weight is 41 kDa. MLC1 orthologues have been identified in
chordate families. Its alignment has proved that the protein is highly conserved in myelin-
producing vertebrate species, specifically in the putative TM domains and at the end of

the C-terminus, whereas the N-terminus present higher variability.

Eight transmembrane (TM) domains were predicted from hydropathy plot analysis.
These domains are bound by four extracellular loops and three intracellular loops, being
the second one significantly larger. Both N- and C- terminus are intracellular (Boor et al.,
2005). Transmembrane topology of MLC1 was validated experimentally by generating
truncated MLC1 constructs with a tag and comparing the signal intensity in
permeabilizing and non-permeabilizing conditions (Hwang et al., 2021). Besides,
AlphaFold MLC1 structural models also suggested that MLC1 conformation consisted
on eight TM domains (Jumper et al., 2021, Varadi et al., 2022). In Figure 6, MLC1

putative structure is represented.
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Extracellular

Figure 6. Predicted MLC1 structure. A. Schematic representation of MLC1 in the cell
membrane. TM domains are marked in numbers, loops are marked with letters. Extracted
from (Passchier et al., 2024). B. Predicted AlphaFold structure for MLC1. The coloured pattern
corresponds to a confidence score generated by AF. Dark blue: very high confidence, light
blue: confident, yellow: low confidence and orange: very low.

MLC1 protein is mainly expressed in the brain, although it has also been detected in
leukocytes (Boor et al., 2005). In the brain, MLC1 is found in cerebellar Bergmann glia
and in astrocytes surrounding subpial and perivascular spaces. Contrarily to what was
initially reported, MLC1 is not expressed in neither oligodendrocytes, microglia nor
neurons (Schmitt et al., 2003, Teijido et al., 2004, Boor et al., 2005). High-resolution
electron microscopy (immunogold) in mouse and human tissue revealed the localization
of MLC1 at astrocyte-astrocyte junctions in the perivascular area (Figure 7A) (Teijido et
al., 2007, Duarri et al., 2011).

In humans, MLC1 expression levels are the highest during the first three years of life and
then they decreased to stabilize after approximately five years (Dubey et al., 2015). This
observation correlates with the myelination process, which is most rapid in the first years
of life and reaches near-completion at three to four years. Considering that only species
that produce myelin have the MLC17 gene, these results altogether indicate that MLC1

protein might play an essential role in brain physiology when myelin is present.

Primary cultured astrocytes have been extensively used to study MLC1 at a biochemical
level. Initial studies detected endogenous MLC1 protein intracellularly in the endoplasmic
reticulum (ER) and in the endosomes (Ambrosini et al., 2008). Posterior studies showed
that the treatment with cytosine B-D-arabinofuranoside (AraC), which is a selective
inhibitor of DNA synthesis that is used to arrest cells at GO phase, lead to MLC1 localizing

at the plasma membrane and astrocytic junctions in astrocyte cultures (Duarri et al.,
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2011). With this, the model replicated in vitro the observed MLC1 biochemical behavior
seen in vivo. Therefore, quiescent cultured astrocytes treated with AraC were established

as an MLC study model (Figure 7B).

A ™ BV . .‘1\.,.
. : R
: : / e RIS e
A | RSy s {2 REC " " .
W Aa s 8 A, ;
A oo
‘ N } " e anh
) ' . AC
:1 ¥
‘.
g - .¢J)
-a. .
B Weeks in Culture .
1 Week in Culture 3 Weeks in Culture

1 2 3
86- -
MLC1
53-
37-
B-ACTINA
53 o e oW

Figure 7. MLC1 localization at tissular level and in primary cultured astrocytes. A. EM
images of MLC1 localization at astrocyte-astrocyte junctions, in astroglial processes (left) and
perivascular areas (right). AC: astrocyte, BV: blood vessel, EC: endothelial cell. Scale bar 0.25
pum. Modified from (Teijido et al., 2007). B. Correlation between MLC1 levels by WB (left) and
localization at astrocyte-astrocyte junctions by immunofluorescence assays. After three
weeks of treatment with AraC, MLC1 levels increase to its peak expression. Then, the
observed phenotype replicates in vivo observations for MLC1 localization.

Thanks to this model, it was described that MLC1 co-localized with tight junctions
markers Z0O-1 and occludin, as well as with adherent junctions markers B-catenin and N-
cadherin (Duarri et al., 2011). Other studies hypothesized that MLC1 could be related to
proteins of the dystrophin-associated glycoprotein complex (DGC) which is essential for
the anchoring of aquaporin and potassium channels at astrocytic endfeet at the BBB
(Ambrosini et al., 2008). Yet, the localization of a- and B-dystroglycan (proteins known to
be part of the DGC complex) were not altered in the Mic1 knockout (KO) mice (Dubey et
al., 2015). Neither was affected the MLC1 expression in the dystrophin KO mice (Duarri
et al., 2011). In conclusion, although MLC1 is functionally linked to DGC, a clear

mechanism of its interaction is yet to be provided.
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1.3.2.1 STRUCTURE OF MLC1

To date, the structure of MLC1 protein is not known, neither is its function. Amino acid
sequence analysis suggests that MLC1 originated from the duplication of a smaller gene
encoding a protein with 4 TM domains. This hypothesis is sustained on the evidence that
the first and the second halves of the protein present domain homology. Furthermore,
the fourth and the eighth TM domains contain a segment rich in polyleucine and the
intracellular loop between TM 4 and 5 is not conserved among orthologues. Biochemical
experiments done in Xenopus laevis oocytes by our research group supported this
hypothesis (Estévez et al., 2018). The two halves of MLC1 reached the plasma
membrane only when they were co-expressed, indicating that the two halves interact

and are able to restore the function (Figure 8A).

Other biochemical studies determined that MLC1 homo-oligomerizes. Analysing protein
expression by WB, two bands are detected for MLC1 at 37 and 72 kDa, approximately.
This is compatible with monomeric and dimeric structures. By split-tobacco etch virus
(TEV) assays, the ability to homo-oligomerize was confirmed (Capdevila-Nortes et al.,
2012) (Figure 8B). Recently, it was reported that MLC1 forms a homo-trimeric complex

in detergent micelles and proteoliposomes (Hwang et al., 2021).

Further characterization of the protein revealed that MLC1 displays a putative
glycosylation site between TM 3 and 4, although it is not glycosylated in heterologous
expression cell systems (Teijido et al., 2004). Both N- and C- terminal domains are
phosphorylated. Serine 27 is phosphorylated by Protein Kinases A and C (PKA and
PKC), while Serine 339 is only phosphorylated by PKC (Lanciotti et al., 2010). Posterior
studies evidenced the presence of a putative ER retention motif based on arginine (RXR)
in the N-terminal region. New potential phosphorylation sites were also identified
(Brignone et al., 2015) and a caveolin-binding motif. MLC1 was found present in caveolin
lipid rafts from rodent-derived astrocytes (Lanciotti et al., 2010). A summary of the post-

translational modifications and motifs is displayed in Figure 8C.
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Figure 8. Biochemical features of MLC1 protein. A. Surface expression of MLC1 in X. laevis
oocytes. MLC1 was expressed either whole or split at the intracellular loop between TM 4 and
5. Splits are HMLC1-N and C-MLC1HAL in the graph. Alone, the splits do not reach the plasma
membrane, but, they do so when co-expressed. B. Split-TEV analysis of MLC1 homo-
oligomerization. A2AR was used as a negative control. Modified from (Estévez et al., 2018).
C. Schematic representation of specific amino acid consensus motifs found in MLC1 protein.
Putative and predictive information is represented in empty circles, confirmed information is
plotted in filled circles. Modified from (Brignone et al., 2015).
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1.3.2.2 MLC1 MUTATIONS

MLC1 mutations are found along the gene (Leegwater et al., 2002). Most missense
mutations are responsible for a reduction in protein expression levels resulting in a
reduction in membrane surface expression (Lanciotti et al., 2010, Montagna et al., 2006,
Teijido et al., 2004). The proposed mechanism behind this observation is that the
mutation would lead to protein misfolding, resulting in an unstable protein to be degraded
by the ER or in lysosomes. Even though some mutated MLC1 forms can reach plasma

membrane, they are still targeted for lysosomal degradation (Duarri et al., 2008).

1.3.3 GLIALCAM PROTEIN

Generalities, Expression, and Localization Studies of GlialCAM

GLIALCAM encodes for a membrane protein with the same name. Its length is 416 amino
acid and it weighs 72 kDa. It is an adhesion cell molecule belonging to the Ig Superfamily
(Moh et al., 2005).

GlialCAM is predicted to have two extracellular domains, a single transmembrane
segment and an intracellular C-terminal domain or cytoplasmic tail. In the extracellular
domain, two Immunoglobulin-like loops are found, being IgV in N-terminal end and 1gC2
next. Six putative N- and O-glycosylation have been identified, as well as a signal peptide
(Figure 9) (Moh et al., 2005, Gaudry et al., 2008). In the intracellular domain, there are
several putative SRC Homology 3 domain (SH3) and several potential phosphorylation

sites by serine/threonine kinases and tyrosine kinases (Moh et al., 2005).
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Figure 9. Predicted GlialCAM structure. Schematic representation of Glial CAM
at the plasma membrane. The identified secondary structure consists of two Ig-like
domains in the extracellular region (IgV and IgC2), a transmembrane domain and
a cytoplasmic C-terminal tail. Extracted from (Passchier et al., 2024).
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In first studies, GlialCAM was considered a tumour suppressor protein, as it was found
that in hepatocellular carcinoma, GlialCAM protein expression levels were lower. They
also reported that GlialCAM acted as an antiproliferative agent in vitro (Moh et al., 2005).
Posterior studies determined that its expression was higher in the nervous system than
in the liver, which suggested a predominant physiological role for GlialICAM in the brain
(Spiegel et al., 2006). Along with these findings, it was observed that GlialCAM 7 mice

do not show an increased hepatic tumour frequency (Hoegg-Beiler et al., 2014).

In the CNS, GlialCAM is mostly found in astrocytes and oligodendrocytes. Specifically, it
is found in glia-enriched white matter, ependymal cells in ventricular zones, astrocytic
junctions and the astrocyte-blood vessel contact areas (Favre-Kontula et al., 2008). Mice
studies revealed that GlialCAM expression correlates with Myelin Basic Protein (MBP)
expression in the developing brain, suggesting that this protein could be involved in the
myelination process. Compatible with this hypothesis, it is known that GlialCAM is
present along different stages of oligodendrocyte differentiation in vitro. In humans,
GlialCAM expression levels are increased during the first three years of life. Then, they

decrease until they stabilize approximately at five years (Bugiani et al., 2017).

A recent published article linked autoantibodies to GlialCAM with the pathology of
multiple sclerosis. In this work, molecular mimicry between the Epstein-Barr virus nuclear
antigen 1 (EBNA1) and GlialCAM is unveiled. The presence of cross-reactive antibodies
recognizing GlialCAM is hypothesized to be involved in the development of the disease
(Lanz et al., 2022).

Immunofluorescence assays and EM stainings on brain slices revealed that Glial CAM
and MLC1 colocalize in the astrocytic junctions (Lopez-Hernandez et al., 2011a) (Figure
10). The stability of this colocalization depends on the interaction with the actin
cytoskeleton (Moh et al., 2005, Duarri et al., 2011). Remarkably, both MLC1 and
GlialCAM are associated with caveolae, which are lipid rafts implicated in the
compartmentalization of intracellular signal transduction components, transport
processes, endocytosis, and transcytosis (Ambrosini et al., 2008, Lanciotti et al., 2010,
Moh et al., 2005, Sowa, 2012).

Slit-TEV assays revealed that GliaICAM can homo-oligomerize in cis- through its
extracellular domain (Lopez-Hernandez et al., 2011b). Such oligomerization is important
for the interaction between the cytoplasmic tail of GlialCAM and the actin cytoskeleton,
which is essential for the localization of GlialCAM at cell junctions (Capdevila-Nortes et
al., 2015). At the same time, the extracellular domain also interacts in frans- with

GlialCAM molecules from neighbouring cells (Capdevila-Nortes et al., 2015, Hoegg-
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Beiler et al., 2014). Furthermore, biochemical studies characterizing patient-derived
mutations in GlialCAM determined that for the formation of cis- interactions, trans-

interactions are needed in the first place (Lopez-Hernandez et al., 2011b).

GlialCAM
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Figure 10. GliaICAM and MLC1 localization in brain tissue. A. Immunofluorescence in
human cerebellum tissue. GlialCAM (green, left) and MLC1 (red, centre) co-localize (yellow,
right) at the endfeet of perivascular astrocytes. B. Double Immunogold EM staining in human
brain tissue. GlialCAM and MLC1 co-localize at astrocyte-astrocyte junctions. C. Post-
embedding Immunogold EM stainings. GlialCAM is localized inside the axons, in contact

regions between myelin and axons, and in cells surrounding myelin. Scale bar indicates 50
pm in A and 500 nm in B and C. Modified from (Lopez-Hernandez et al., 2011a).

AST: astrocyte, A: axon, M: myelin.

1.3.3.1 STRUCTURE AND FUNCTION OF GLIALCAM PROTEIN
Glial CAM as MLC1 B-subunit

Mass spectrometry (MS) studies using three different antibodies against the N-terminal
end of MLC1 on solubilized membranes from brain tissue identified GlialCAM as the
second most abundant protein, right behind MLC1 (Lopez-Hernandez et al., 2011a).
Further studies of MLC1 and GlialCAM interaction, including co-immunoprecipitation,
Fluorescence Resonance Energy Transfer (FRET), Bioluminiscence Resonance Energy
Transfer (BRET), and Split-TEV confirmed the direct interaction between both proteins.

In vitro experiments done in HelLa cells showed that the co-expression of MLC1 and
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GlialCAM affected the subcellular localization of MLC1. While MLC1 is expressed in the
plasma membrane and the ER, the presence of Glial CAM shifted its localization towards
an enrichment at cell-cell junctions (Figure 11) (Lépez-Hernandez et al., 2011b, Lépez-

Hernandez et al., 2011a).

hMLC1 + GlialCAM

Figure 11. MLC1 changes its localization when co-expressed with GlialCAM.
Immunofluorescence assays in transfected HelLa cells. MLC1 is expressed diffusely in the
plasma membrane (left), but the presence of GlialCAM targets MLC1 to cell junctions (right).
Scale bar: 20 ym. Modified from (L6pez-Hernandez et al., 2011b).

Even though the exact function of GlialCAM remains unknown, primary cultured
astrocytes identified GlialCAM to act as a B-subunit of MLC1, meaning that GlialCAM is
required for the proper traffic of MLC1 from the ER to cell junctions (Lépez-Hernandez
et al., 2011b). In other words, GlialCAM might act as a chaperone for MLC1 (Capdevila-
Nortes et al., 2013). In accordance to this, Glialcam™ mice present lower levels of MLC1
protein and it is mislocalized in Bergmann glia and perivascular astrocytes (Bugiani et
al., 2017, Hoegg-Beiler et al., 2014).

GlialCAM subcellular location is independent of MLC1, however, when both proteins are
expressed in vitro, MLC1 increases the rate of GlialCAM enrichment at cell-cell junctions,
suggesting that MLC1 would be needed for the proper localization of GlialCAM at cell
junctions (Lépez-Hernandez et al., 2011b). In vivo, the absence of MLC1 leads to
GlialCAM mislocalization, especially in Bergmann glia and perivascular astrocytes
(Dubey et al., 2015, Hoegg-Beiler et al., 2014).

In primary astrocyte cultures derived from Mic1” animals, GlialCAM is perfectly localized
in physiological conditions. Surprisingly, in depolarizing conditions, where there is a high
concentration of potassium, GlialCAM is internalized. Studies in MLC patients and in
mic1 KO zebrafish also exposed GlialICAM mislocalization (Sirisi et al., 2014) concluding

that MLC1 and GlialCAM might cooperate for proper expression and localization.
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Glial CAM as CIC-2 auxiliary subunit

Considering that GlialCAM is expressed in other cell types where MLC1 is not present,
such as oligodendrocytes, it is suggested that GlialCAM might have other functions
independently of MLC1. That being the case, proteomic and immunoprecipitation assays
on solubilized mouse brain membranes were performed with the objective to find
GlialCAM-associated proteins. The chloride channel CIC-2 was identified (Barrallo-
Gimeno et al., 2015, Jeworutzki et al., 2012). Through Split-TEV and co-
immunoprecipitation assays, the direct interaction between GlialCAM and CIC-2 was
validated. Immunofluorescence assays in Hela cells showed that, similarly to the
observation made with MLC1, CIC-2 is located at cell-cell junctions only when it is co-
expressed with GlialCAM (Figure 12). In addition, GlialICAM modifies the biophysical
properties of the channel by increasing CIC-2- mediated current amplitude and altering
its rectification properties. So, in the presence of Glial CAM, CIC-2 is open also at positive

membrane potentials (Jeworutzki et al., 2012).
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Figure 12. GlialCAM alters CIC-2 localization and function. A. Immunofluorescence
assays in transiently transfected HelLa cells. CIC-2 is found enriched at cell-cell junctions in
presence of GlialCAM. Scale bar: 10 ym. Adapted from (Jeworutzki et al., 2012). B. Functional
alterations in the electrophysiological properties of the CIC-2 channel in HEK293-T cells when
co-expressed with GlialCAM: the presence of GlialCAM produces the opening of the channel
at positive voltages. Modified from (Jeworutzki et al., 2012).
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The analysis of CIC-2 activity in presence of MLC1 discovered that such protein does
not affect the channel functional properties (Lopez-Hernandez et al., 2011a), even so,
co-immunoprecipitation studies and Proximity Ligation Assays (PLA) implies that MLC1
might be essential for the interaction of GlialCAM with CIC-2 (Sirisi et al., 2017).

Mic1”- and GlialCAM™ animals exhibit CIC-2 mislocalized in Bergmann glia, perivascular
astrocytes, and oligodendrocytes (Bugiani et al., 2017, Hoegg-Beiler et al., 2014).
Although MLC1 is not expressed in oligodendrocytes, CIC-2 mislocalization in Mic1”
implies that MLC1/GlialCAM could regulate CIC-2 activity (Hoegg-Beiler et al., 2014).

1.3.3.2 MUTATIONS IN GL/IALCAM GENE

As previously stated, most GLIALCAM mutations causing MLC are missense mutations,
and they are located at GlialCAM extracellular region. One exception is p.W263X, which
is a nonsense mutation that introduces an early stop codon in the transmembrane

domain. Another exception is p.L23H that affects the signal peptide.

MLC-causing missense mutations located at GLIALCAM can be either recessive or
dominant. Most of them do not compromise protein expression, but present trafficking
defects (Figure 13B). Moreover, GlialCAM mutations do not affect the interaction with
MLC1 (Lépez-Hernandez et al., 2011b). Dominant mutations are located in the IgV
domain only, while recessive mutations can be found anywhere from the extracellular

region (Figure 13A).

Most GLIALCAM dominant mutations show an impaired ability to homo-oligomerize, to
locate at cell-cell junctions, and to target either MLC1 or CIC-2 to cell-cell junctions.
Despite this phenotype, the interaction of these proteins with GlialCAM is not affected.
However, there are some exceptions among dominant mutations. For instance, mutation
p.D218N encodes for a protein that does not enrich at cell-cell junctions like the WT
protein. Also, p.K135Del mutant does not exhibit any apparent defects (Lopez-
Hernandez et al., 2011b, Arnedo et al., 2014b).

Regarding GLIALCAM recessive mutations, some of them lead to protein variants that
display defects in homo-oligomerization and junctional targeting, including GlialCAM with
itself as well as associated with MLC1/CIC-2. Nonetheless, there are some described
recessive mutants that do not display any of these effects. These mutants are p.R73W,
p.P148S, p.S196Y, and p.D211N (Arnedo et al., 2014a, Arnedo et al., 2014b, Lopez-
Hernandez et al., 2011b).
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Figure 13. GlialCAM mutations affect protein localization. A. Schematic representation of
all missense mutations identified for GLIALCAM, Dominant mutations affect solely IgV domain
are marked in pink. Recessive mutations are written in blue. SP: signal peptide, TMM:
transmembrane domain. B. Immunofluorescence assays in primary cultured astrocytes
infected with adenoviruses expressing GlialCAM WT (left), R92Q recessive mutant (centre)
and, R92W dominant mutant (right). GlialCAM is mislocalized in both mutants. Scale bar: 20
pm. Modified from (Lépez-Hernandez et al., 2011b).

In a previous work published by our research group, the molecular basis of the dominant
or recessive behaviour of GlialICAM variants was investigated using a combination of
biochemistry methods together with computer docking (Elorza-Vidal et al., 2020). In this
study, GLIALCAM variants affecting the IgV domain were classified into three groups.
First, mutations found in MLC2A patients that show a reduced ability to interact with
GlialCAM WT. Second, a subset of mutants (Dominant, D1) found in MLC2B patients
with a reduced ability to interact with GlialCAM WT. Lastly, a subset of mutants
(Dominant, D2) found in MLC2B patients which display a normal ability to interact with
GlialCAM WT (Figure 14).
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From this study, it was shown that the reason why some disease-causing GlialCAM
mutations are dominant is that they are located at GlialCAM IgV domain interacting
surfaces, where they disrupt either cis- (D1 mutations) or trans- (D2 mutations)
interactions necessary for protein function. Cis dimerization is achieved by interactions
between two opposing beta-strands of the IgV domain and frans interactions occur

between salient loops of both IgV domains (Elorza-Vidal et al., 2020).

RECESSIVE
DOMINANT (D1)
DOMINANT (D2)

Figure 14. Structural model proposed for GliaICAM homodimers. GlialCAM homodimers
would form cis- and trans- interactions through different surfaces of its IgV domain. Residues
mutated in MLC2A patients (recessive) are shown in green, D1 residues mutated in MLC2B
patients are shown in red and D2 residues mutated in MLC2B patients are shown in blue.
Extracted from (Elorza-Vidal et al., 2020).

Other biochemical studies indicated that localization defects in recessive GlialCAM
mutant variants are rescued by WT protein. But this defect is not solved in dominant
mutations (Lopez-Hernandez et al., 2011a, Elorza-Vidal et al., 2020). This in vitro
observation was validated in vivo by the generation of a GLIALCAM knock-in (KI) mouse
model bearing a dominant mutation. The heterozygous mice were found to also develop

a phenotype (Hoegg-Beiler et al., 2014).

An interesting observation is that even though GlialCAM is necessary for correct MLC1
expression and protein levels (Jeworutzki et al., 2012, Lopez-Hernandez et al., 2011b,

Lépez-Hernandez et al., 2011a), the overexpression of either dominant or recessive
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GlialCAM mutations is sufficient for proper MLC1 expression levels. Nevertheless, MLC1
is not targeted to cell-cell junctions and VRAC activity is altered (Capdevila-Nortes et al.,

2013). Therefore, the problem with these mutants might be at a functional level.

Although with the study of most GLIALCAM mutations we were able to gain knowledge
on the pathogenicity of these mutants, there was still a group of GLIALCAM recessive
mutants that display a particular phenotype. These mutations were p.S196Y and
p.D211N which are located in the IgC2 domain. It was observed that in both cases, the
resulting mutated protein was resistant to depolarization-induced internalization in
primary cultured astrocytes derived from Mic1” animals. While the incubation with
potassium-enriched medium led to GlialCAM WT internalization in these astrocytes, the
mutant proteins stayed enriched at cell-cell junctions (Sirisi et al., 2014). Since this
phenomenon was not fully understood, a mechanism to explain this phenotype could not

been provided.

1.3.4 PATHOPHYSIOLOGY OF MLC DISEASE

The main characteristic observed in MLC patients is an enlarged brain with water
accumulation. This lead to hypothesize that MLC1 could function as a water or ion
channel, and its defect would cause osmotic alterations. MLC1 sequence identity
analysis done by BLAST algorithm revealed that the voltage gated potassium channel
Kv1.1 alpha subunit (KCNA1) was the protein with a highest sequence identity. However,
the amino acid identity was less than 20% (Teijido et al., 2004). In agreement with this
hypothesis, MLC patients may present epileptic seizures, which is a common feature in
ion channel diseases, but not in leukodystrophies (Hamilton et al., 2018). Unfortunately,
voltage-clamp measurements in Xenopus laevis oocytes did not detect any changes in
the conductance, neither did patch clamp experiments in HEK293T or HelLa transfected
cells. Different pulse protocols and durations were applied without detecting conductivity

alterations, neither with the presence of GlialCAM (Estévez et al., 2018).

For the study of MLC, different animal models have been created that have helped
understand the function of the proteins implied in the disease. The creation of a Mic1
knockout (KO) mouse model was found useful for studying early stages of MLC, as the
animals display increased water content in the brain, progressive vacuole formation in
the white matter, and morphological changes in perivascular astrocytes (Dubey et al.,
2015, Hoegg-Beiler et al., 2014). Similarly, the Glial CAM KO mice (Sugio et al., 2017,
Dubey et al., 2015, Bugiani et al., 2017, Hoegg-Beiler et al., 2014) and Glial CAM KO
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zebrafish (Sirisi et al., 2014, Pérez-Rius et al., 2019) present an increased brain water
content and cerebellar white matter vacuolation, although no cysts are perceived. In
primary astrocyte cultures, the lack of MLC1 causes the appearance of intracellular
vacuoles (Duarri et al., 2011, Sirisi et al., 2014). This discovery made reanalyse patient
brain biopsies, because until then vacuole formation was believed to be limited to the
outer myelin layers (van der Knaap et al., 1996). With this, it was confirmed that vacuole

formation also occurred in perivascular astrocytes (Duarri et al., 2011).

Another study done in Mic1” mice manifested spontaneous epileptic activity, together
with an altered extracellular potassium dynamics and abnormal neuronal network
activity, as they present an epileptiform brain activity and a diminished seizure threshold
(Dubey et al., 2018). These results are consistent with the hypothesis of MLC1 being
functionally linked to water and ion homeostasis. In this regard, extensive proteomic
analysis identified several transporters and ion channels interacting with MLC1 and/or
GlialCAM (Alonso-Gardén et al., 2021). Some interactors found were the following: the
chloride channel CIC-2, the gap junction protein Cx43, the glutamate transporter
EAAT1/2, the alpha2 and beta2 subunits of the sodium/potassium ATPase, the sodium
bicarbonate transporter NBCe1, the glucose transporter GLUT1, and the sodium calcium

exchanger.

Although not appearing as MLC interacting partners, other proteins have also been
associated to it. This is the case of volume regulated anion channel (VRAC) or the
calcium-permeable channel TRPV4. Primary cultured astrocytes derived from Mic”
animals present a decrease in VRAC activity and the associated physiological cell
volume regulation compensatory mechanism (RVD) (Capdevila-Nortes et al., 2013,
Dubey et al., 2015). Contrarily, MLC1 overexpression leads to an increased VRAC
activity in primary cultured astrocytes. Still, the interaction between VRAC and MLC1 is
yet to be fully understood. Previous studies from the group demonstrated that MLC1 and
LRRC8A, which is the VRAC’s main subunit, do not co-localize nor directly interact,

suggesting an indirect regulation for the channel’s activity (Elorza-Vidal et al., 2018).

Lastly, MLC1 overexpression leads to the degradation of Epidermal Growth Factor
Receptor (EGFR). Alternatively, the absence of MLC1 in astrocytes increases ERK1/2
phosphorylation (Elorza-Vidal et al., 2018). These findings suggest that MLC1 might

participate in intracellular signalling pathways.

Perivascular astrocytes, where MLC1 expression is higher, are essential for the
maintenance of the BBB. In Mic1 KO mice, the perivascular astrocytic processes’

molecular maturation and organization is affected, although the BBB integrity and the
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organization of the endothelial network are not altered. This finding leads to hypothesize
that MLC1 might also play a role in contractile maturation of vascular smooth muscle
cells, arterial perfusion, and neurovascular coupling (Gilbert et al., 2021). Thus, not only
the disturbance of ion channels and transporters activity contributes to the increased
water content and seizures observed in MLC patients, but it might be that the disruption

of gliovascular unit by itself might contribute as well.

Seeing that MLC1 is associated to many different proteins, one of the working
hypotheses of our research group is that MLC1 would be a signalling regulator through
an unknown mechanism. We also hypothesise that MLC1 could act as a tetraspanin-like
molecule. Even though the homology of MLC1 with tetraspanins is low (around 20%),
both proteins contain 8 transmembrane domains and form oligomers. Moreover,
tetraspanins are known to associate laterally at the plasma membrane with receptors,
and also to regulate trafficking or processing of their protein partners (Barreiro et al.,
2008, Little et al., 2004, Yang et al., 2020).
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2. G-PROTEIN-COUPLED RECEPTORS IN THE CENTRAL
NERVOUS SYSTEM

2.1 GENERALITIES OF G-PROTEIN-COUPLED RECEPTORS

Membrane proteins provide communication between the external and internal
compartments of the cell. GPCRs constitute a diverse family of membrane proteins
involved in cell signalling processes. Its structure consists of seven a-helices that cross
the plasma membrane connected through three intracellular and three extracellular
loops. The N-terminus is extracellular and the C-terminus is intracellular (Figure 15)
(Venkatakrishnan et al., 2013).

E xtracellular space

+

Cytoplasm

Figure 15. GPCR topology. Schematic representation of the
structure of GPCRs. They are formed by 7 TM domains, an
extracellular N-terminal domain and a C-terminal cytoplasmic tail.
Extracted from (Tikhonova and Costanzi, 2009).

GPCRs are a large superfamily of membrane proteins that perceive extracellular stimuli
and, as a result, initiate signalling transduction cascades (Tikhonova and Costanzi,
2009). A wide variety of ligands have been identified to interact with GPCRs, including
endogenous and exogenous molecules, such as neurotransmitters, metals, odorant
molecules, peptides, fatty acids, photons, ions, small organic molecules, or entire
proteins, among others. Through the binding with a GPCR, these molecules can control
a vast array of physiological processes, for instance, cell differentiation, changes in blood
pressure, immune responses, tumour progression or cell death to mention a few
(Rosenbaum et al., 2009). The binding of the ligand with its receptor can occur by three
different mechanisms: through a pocket of TM domains, through extracellular loops, or
through the N-terminal domain (Jacoby et al., 2006).
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The physiological relevance of GPCRs can be noticed by the fact that 800 genes in the
human genome, representing 2% of the total human genome, encode for such proteins
(Fredriksson et al., 2003, Jacoby et al., 2006). Approximately 100 of these genes do not
have an identified ligand that activates the encoded GPCR. Such proteins are called
orphan GPCRs (Lagerstrom and Schiéth, 2008). Seeing that GPCRs participate in a
wide variety of physiological mechanisms, it is not surprising that they are one of the
most pursued targets for drug development (Fredriksson et al., 2003). In fact, one third

of the drugs medically prescribed act on GPCRs (Sriram and Insel, 2018).

For the signal transduction mediated by GPCRs, three main components are needed:
the GPCR itself, a heterotrimeric G protein, and an effector protein that will trigger a
cellular response through second messengers. The G protein is formed by the subunits
a, B and y and it can be found in two states: inactive or active. When the G protein is

inactive, it is bound to GDP, whereas its active state occurs when it binds to GTP.

For the signalling to occur, first, the cytoplasmic tail of the GPCR has to interact with the
G protein. The active G protein is unstable and, as a result, the trimer is split into the a
subunit and the By dimer. This dimer can then interact with the effector protein and
second messengers will be recruited, which in its turn will trigger a cellular response. The
signalling ends with the hydrolysis of GTP to GDP leading to the inactive state of the G

protein with the re-association of the three subunits (Milligan and Kostenis, 2006).

There are many effector proteins that act downstream of the GPCR and that will activate
different signalling cascades (Figure 16). One of the most well characterised effectors by
Gq protein is Phospholipase C (PLC) which breaks phosphatidylinositol 4,5-biphosphate
(PIP2) into inositol triphosphate (IP3) and diacylglycerol (DAG) by hydrolysis. IP3 can
bind to calcium channels located at intracellular compartments, like the ER, and activates
them. As a result, calcium is released to the cytosol. DAG, on the other hand, can interact
with protein kinases (Eglen et al., 2007, Hendriks-Balk et al., 2008).

Heterotrimeric G proteins can be classified into four families depending on the structural
and functional homology of the Ga subunit. These families are: Gs, Gio, Gg/11, and G1z/13
(Hollmann et al., 2005, Offermanns, 2003). Protein Gs stimulates adenylyl cyclase (AC),
which produces cAMP at an intracellular level and activates Protein Kinase A (PKA).
Protein Gg11increases intracellular calcium concentration. Protein G213 activates small
GTPases such as RhoA and Phospholipase D (PLD) that regulate cell shape and motility
by altering the cytoskeleton. Lastly, protein Gio inhibits AC and regulates potassium
channels (Milligan and Kostenis, 2006, Yudin and Rohacs, 2018).
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Figure 16. Schematic representation of the main signalling pathways activated by GPCRs.
Upon interaction with stimulus, Ggs activates AC, while Ggs inhibits it. Gpy activates ERK
pathways. Gqq activates PLC leading to increased intracellular calcium concentrations and the
activation of PKC. Ga12 activates GTPases like RhoA. Modified from (Cheng et al., 2010).

Besides the interaction with G proteins, GPCR are found to also interact with 3-arrestin.
The binding of the ligand to the receptor can induce the recruitment of 3-arrestin in a G-
protein- independent manner. Then, [(-arrestin can activate the signaling pathway
Mitogen-activated Protein Kinase (MAPK) pathway, which leads to the activation by
phosphorylation of proteins like ERK1/2, RAF-1, or MEK1. This pathway is key for the

cell cycle control and the regulation of transcription and apoptosis (DeWire et al., 2007).

As previously mentioned, the ligand that interacts with the GPCR determines the cellular
response. Molecules that activate GPCRs can be divided into four groups: agonists,
partial agonists, inverse agonists, and antagonists. Agonists activate the receptor after
its binding. Partial agonists bind and activate the receptor as well, but they do not elicit
a maximum response. Inverse agonists bind to the receptor and decrease its constitutive
activity. Lastly, antagonists bind to the receptor and prevent agonist binding (Park et al.,
2008).

A key process in GPCR signaling is GPCR desensitization, which aims at avoiding
potential negative effects resulted from an excessive cell response. Two types of
desensitization have been described: homologous and heterologous. The first one refers
to a loss of response solely to agonists that act at a particular GPCR subtype. In this
case, once the GPCR is phosphorylated by a GRK, B-arrestin is recruited. As a result,
this protein will interdict further G protein activation despite the continued activation of
the receptor by agonist by preventing the receptor from exchanging GTP for GDP on the
G protein a-subunit (Gainetdinov et al., 2004). On the other hand, heterologous

desensitization refers to a more generalized effect involving the simultaneous loss of
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agonist responsiveness at multiple GPCR subtypes, even in the absence of agonist. PKA

and PKC are responsible of this ligand-independent desensitization (Kelly et al., 2008).

Additionally, B-arrestin activity induces the GPCR internalization. Phosphorylated -
arrestin is recognized by clathrin-coated vesicle formation units leading to receptor
endocytosis (Claing et al., 2002). Four types of B-arrestin have been described ([3-
arrestin 1-4): B-arrestin 1 and 4 are expressed in the retina and they are linked to

phototransduction, whereas B-arrestin 2 and 3 are ubiquitous.

Finally, GPCRs can be re-sensitized upon dephosphorylation by protein phosphates and
protein turnover to the plasma membrane. However, they can also be targeted for
degradation (Métayé et al., 2005).

2.2 GPCR CLASSIFICATION

The first GPCR classification was proposed by Kolakowski and it categorized these
proteins into seven groups designated with letters from Ato F, and O (Davies et al., 2007,
Kolakowski, 1994). Later, it was updated to six classes keeping the nomenclature A-F
based on amino acid sequence and functional similarities (Foord et al., 2005). In this
system, families A-C comprise the vast majority of GPCRs (Figure 17). Another
classification was proposed based on phylogenetics that divided GPCRs into five families
named GRAFS (G for Glutamate, R for Rhodopsin, A for Adhesion, F for Frizzled, S for

Secretin) (Schiéth and Fredriksson, 2005). However, this system is infrequently used.

b Family 2 % ¢ Family 3
NH, b

Figure 17. Schematic representation of the main GPCR families. Family 1 corresponds to
class A GPCRs; Family 2, class B and Family 3 equals class C. In red, conserved amino acids
across family members. In ochre, Venus Flytrap module is marked in class C receptors.
Modified from (George et al., 2002).
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Class A: Rhodopsin-like receptors

Rhodopsin-like GPCRs constitute the largest GPCR family, comprising around 90% of
all GPCRs including odorant receptors and small ligand receptors. Crystallography
structure of rhodopsin receptor exposed alterations in the helicoidal domain due to the
presence of proline residues that results in TM tilting (Palczewski et al., 2000). These
receptors are characterized by the formation of a disulfide bridge connecting the
extracellular loops 1 and 2. Furthermore, most of these proteins contain a palmitoylated
cysteine residue in the C-terminal end that anchors the receptor to the plasma

membrane.

Class B: Secretin family receptors

Secretin family GPCRs include 15 receptors for peptide hormones (Alexander et al.,
2013). These receptors contain a large N-terminal extracellular domain with various
cysteine residues that form disulfide bonds (Ulrich et al., 1998). The ligands for these
GPCRs are hormones of small molecular weight, such as glucagon or calcitonin, that

bind the N-terminal ectodomain (Jacoby et al., 2006).

Class C: Metabotropic glutamate receptors

In this family, metabotropic glutamate receptors (mGluRs), GABAs receptors, Ca?'-
sensing receptors, sweet and amino acid taste receptors, pheromone receptors, and

several orphan receptors are found (Brauner-Osborne et al., 2007).

These receptors are composed of an exceptionally large extracellular domain that
contains a Venus flytrap (VFT) module and a cysteine rich domain (CRD), except in
GABAg receptor. The orthosteric binding sites reside in the VFT domain, though allosteric
sites are located elsewhere. Given the fact that the extracellular domain is larger than in
other GPCRs classes, these receptors present more potential allosteric sites than others.
The C-terminal tail is highly variable and plays a role in scaffolding and signaling protein
coupling. Another unique characteristic of class C GPCRs is their capacity for
dimerization, either as homodimers or heterodimers. The allosteric interaction between
different dimer domains results in a particularly complicated activation process (Chun et
al., 2012).

Finally, class D and E are not found in vertebrates. Class F comprises Frizzled family
receptors, which is a minor class involved in the embryonic development, and cell

division and polarity (Foord et al., 2002).
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2.3 THE ORPHAN RECEPTORS GPR37 AND GPR37L1

A study done by our group identified the members of the Glial CAM interactome (Alonso-
Gardon et al., 2021) where both GPR37 and GPR37L1 were discovered to interact with
GlialCAM. GPR37 and GPR37L1 proteins are members of class A rhodopsin-like family
of GPCRs. They are both considered orphan GPCRs and they are highly expressed in
the CNS.

GPR37 is mainly expressed in the cerebellum, corpus callosum, medulla, putamen,
caudate nucleus, substantia nigra, and the hippocampus (Donohue et al., 1998,
Marazziti et al., 1998, Takahashi and Imai, 2003, Zeng et al., 1997). Regarding cell types,
GPR37 is mostly expressed in oligodendrocytes and in a subset of neurons in substantia
nigra (Imai et al., 2001). Neuroprotectin D1 (NPD1) has been identified as a ligand for
GPR37 and mediates macrophages phagocytosis (Bang et al., 2018).

Otherwise, GPR37L1 is exclusively expressed in glial cells, particularly in Bergmann glia
astrocytes in the cerebellum, as well as immature oligodendrocytes (Marazziti et al.,
2013). Recently, the proresolving lipid mediator maresin 1 (MaR1) has been identified as
a ligand of GPR37L1 (Bang et al., 2024).

MLC1 and GPR37L1 are both expressed in astrocytes and it was established that they
co-localize in primary cultured astrocytes. Moreover, both proteins were in proximity in
the same cells, as assessed by PLA. Split-TEV assays determined the capacity of
GPR37 to directly interact with MLC1 and GlialCAM. By BRET analysis, GPR37L1 was
found to also be able to interact with MLC1 and GlialCAM in HEK293T cells (Alonso-
Gardédn et al., 2021).

Gpr37L1 expression levels gradually increase in Bergmann glia from neonatal stages
until adulthood. Gpr37” mice present precocious cerebellar development, along with
premature Bergmann glia and Purkinje cell maturation (Marazziti et al., 2013). In those
animals, both MLC1 and GlialCAM expressions are found upregulated without altering
MLC1 localization (Alonso-Gardén et al., 2021).

Gpr37” mice studies showed that the protein is important for the regulation of
oligodendrocyte differentiation and myelin formation as the animals suffer from
precocious oligodendrocyte differentiation leading to hypermyelination of the CNS (Yang
et al., 2016). No studies have been performed in Gpr37 KO mice in relationship with
MLC1 or GlialCAM.
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2.4 GPRCS5 FAMILY

2.4.1 GENERALITIES AND CLASSIFICATION

GPRCS receptors belong to the heterotrimeric orphan class C GPCRs. They were firstly
identified as the gene encoding for these proteins was found to be induced by retinoic
acid in a context of cancer cells. For this reason, GPRC5 receptors were early named
RAIG (Retinoic Acid Inducible Gene) (Cheng and Lotan, 1998). The TM domains from
GPRCS5 receptors are conserved from invertebrates to mammals. Four GPRC5 subtypes
are found in mammals: GPRC5A (RAIG1), GPRC5B (RAIG2), GPRC5C (RAIG3) and
GPRCS5D (RAIG4) (Robbins et al., 2000).

Although Class C GPCRs typically possess a large N-terminal domain, GPRC5 receptors
present an exceptionally short N-terminal domain. This suggests that the ligand binding

function of GPRCS receptors might have been lost during evolution (Kim et al., 2012).

The four members of GPRC5 family display a singular distribution pattern across
different tissues (Table 2). GPRC5A is present in the lungs, where it acts as a tumor
suppressor protein, and in the colon (Tao et al., 2007). In Gprcba KO mice, NF-kB
activation is enhanced in lung epithelial cells leading to a tumor promoting
microenvironment (Deng et al., 2010). Furthermore, hypoxia was found to induced
GPRC5A activity in cancer cells (Greenhough et al., 2018). GPRC5D can be found in
skin and in pancreatic tissue. As for GPRC5D, its in vivo functions are still unknown
(Inoue et al., 2004). GPRC5B and GPRC5C are expressed ubiquitously, but they are
enriched in the CNS, particularly in the cerebellum, but also in placenta and adipose
tissue (Tao et al., 2007). GPRC5B mRNA levels are particularly abundant in taste buds,
olfactory bulb, and Purkinje cells. Its expression in the cerebellum is developmentally
regulated and it continues to increase during aging (Sano et al., 2011). GPRC5C is
located at the apical membrane of the proximal tubules and it is essential for kidney
homeostasis. In Gpre5¢c KO mice, the acid-base equilibrium is disrupted. Compared to

WT animals, their blood pH is lower and their urine pH is higher (Rajkumar et al., 2018).

Although the different families of GPRCS receptors exhibit different locations and
functions, all of them are found glycosylated, and they can be secreted in extracellular

exosomes (Kwon et al., 2014).
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Proposed function and

GPRC5 Tissue distribution Cellular localization KO mice : )
signalling
PM, ER, Golgi Tumour suppressor gene
GPRC5A  Lung, colon, urinary bladder Extracellular vesicular Lung tumours NF-B and STAT3 signalling
exosomes
. . . . PM, Golgi Defect in cerebellar motor  SFK-signalling domain formation
Brain, adipose tissue, kidney, . . X .
GPRC5B Extracellular vesicular learning, resistant to Pro-inflammatory effects
mammary grand . : . e .
exosomes obesity, low milk production  Cardiac fibrosis, breast cancer
Regulation of hematopoietic
PM system Thromboembolism
GPRC5C Brain, kidney, liver Extracellular vesicular Y . . . .
Lower blood pH and higher Kidney liver function
exosomes -
urine pH
PM Hard-keratinized structures
GPRC5D  Hair follicle, pancreas, B cell Extracellular vesicular ?

Multiple myeloma antigen
exosomes

Table 2. Main properties of GPRC5 family members. PM: plasma membrane, ER:
endoplasmic reticulum. Adapted from (Hirabayashi and Kim 2020).

2.4.2 GPRC5B RECEPTOR

As previously stated, GPRC5B is ubiquitously expressed but cerebellum-enriched. The
receptor participates in motor learning and spontaneous activity in front new
environmental stimuli (Sano et al., 2011, Sano et al., 2018). It is also abundant in the
adipose tissue where it is believed to play a role in obesity (Tekola-Ayele et al., 2019). At
a subcellular level, GPRCS5B is located at the plasma membrane, Golgi apparatus, and
exosomes. In Madin-Darby canine kidney cells, it was observed that GPRC5B was

mediating extracellular vesicle transport and tubule formation (Kwon et al., 2014).

GPRC5B is the only GPRC5 implicated in psychiatric conditions, such as attention deficit
hyperactivity disorder (ADHD) (Albayrak et al., 2013), bipolar disorder, and severe
depression (Tomita et al., 2013).

According to mice studies, GPRC5B levels are increased in the axons of Purkinje cells
in the cerebellum. These neurons are the only output neurons from the cerebellar cortex
and they make synaptic contacts with cells from the deep cerebellar nuclei early after
birth (Garin and Escher, 2001). For this reason, GPRC5B was involved in the neural
circuitry development and in cerebellum-mediated motor control. The absence of this
receptor at the SNC or specifically in Purkinje cells leads to an abnormal inflammation in
the distal region of Purkinje cells axons, without affecting the dendritic morphology.
These axons in Gprc5b” mice do not develop synapse-associated structures: their
mitochondria are dysfunctional and accumulate in the inflamed areas. Due to

mitochondrial dysfunction, Reactive Oxygen Species (ROS) are found increased, which
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increments ATP production provoking oxidative damage that leads to cellular
dysfunction. In turn, synapse formation between Purkinje cells and deep cerebellar nuclei

is impaired and this compromises long-term motor learning skills (Sano et al., 2018).

Regarding the adipose tissue, GPRC5B levels are remarkably high (Sano et al., 2011).
Even though the exact function of GPRC5B is not yet fully understood, a strong
correlation was identified between GPRC5B gene expression and Body Mass Index
(BMI) in a genome-wide association study (Speliotes et al., 2010). Gprc5b” mice
weighted less than WT animals being fed with a high-fat diet (HFD). In this study, WT
animals displayed greater hepatic steatosis caused by lipid accumulation in the liver than
KO mice. Gprc5b-deficient animals showed reduced insulin resistance, less adipose
tissue inflammation as well as smaller adipocyte size. The production of inflammatory
cytokines and macrophage infiltration were lowered in the KO. Metabolic parameters,
such as circulating glucose and insulin, or leptin concentrations ameliorated in KO
animals. All things considered, the Gprc5b” phenotype might be caused by an increased

metabolic rate and enhanced thermogenesis processes (Kim et al., 2012).

At a molecular level, GPRC5B contains multiple sites of phosphorylation. MS analysis
identified eight phosphorylated serine residues, two phosphorylated threonine residues
at the C-terminal region, and three phosphorylated tyrosine residues (Tyr3%’, Tyr3%,
Tyr®®) with high conservation across evolution (Figure 18A). Studies in vitro
demonstrated that the kinase responsible for tyrosine phosphorylation was Fyn, a kinase
belonging to the Src family. For the phosphorylation to occur, GPRCSB recruits Fyn
through its SH2 domain when it is active. Fyn activity regulates inflammatory responses
through NF-kB signaling pathway (Figure 18B-C) (Kim et al., 2012).

In other cell types, such as cardiomyocytes or cardiac fibroblasts, GPRC5B activity has
also been linked to NF-kB pathway, and it is suggested to be involved in some
pathological conditions (von Samson-Himmelstjerna et al., 2019). Studies done in
pancreatic B-cells related GRPC5B activity to TGF-B/Smad 3 pathway and JAK-
STAT/IFN-y pathways, which participate in fibrotic and inflammatory processes,
respectively (Atanes et al., 2018).
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A

310 320 330 340 350 360 370 380 390
Human QENTPNYFDTSQPRMRETAFEEDVQLPRAYMENKAF SMDEHNAALR-TAGFPNGSLGKRPS - ————— GSLGKRPSAPFRSNVYQPTEMAV
Mouse QENPPNYFDTSQPRMRE TAFDEEMHLPRAYMENKAF SMDEHNAALRSAVGFSNGSLEQRSSSLGKKPSSLGNRPSAPFRSNVYQPTEMAV
Rat QENPPNYFDTSQPRMRE TAFEEEMHLPRAYMENKAF SMDEHNAALRSAVGFSNGSLEQRSSSLGKKPSSLGNRPSAPFRSNVYQPTEMAV
Bovine QENTPNYFDTSQPRMRETAFEEDVQLPRT YMENKAF SMDEHNAALR-TAGFRNG- == ==========- SLGNRPSAPFRSNVYQPTEMAV
Frog QENTTNYFDTTQPRMRE T PFEEDIPLPRSYMENKAF SMDEHNAAMR -AGGFRNG= = === === == == SLGNRPSAPFRSNVYQPTEMAV

B C
GPRC5B*"* adipocytes v GPRC5B™ adipocytes

GPRCSB

Inflammation Inflammation
Insulin resistance Insulin resistance

Figure 18. GPRC5B modulation of the inflammatory response in the adipose tissue. A.
Sequence alignment for GPRC5B in different species. Conserved phosphorylation sites are
concentrated in the C-terminal domain. Phosphotyrosine residues in red and phosphoserine
and phosphothreonine residues in blue are highlighted. B. In a high-fat diet (HFD), GPRC5B
and Fyn-SH2 domain interact causing a locally increased Fyn activity, which will stimulate the
positive feedback stablished for NF-kB pathway. This will lead to adipose tissue inflammation
and insulin resistance, which are obesity hallmarks. C. In the absence of GPRC5B, Fyn activity
does not increase and NF-kB signalling pathway is maintained at low levels. Modified from
(Kim et al., 2012).

2.4.2.1 GPRC5B AS THE THIRD MLC-CAUSING GENE

One of the latest studies published by our group identified GPRC5B in the brain
GlialCAM interactome through an approach based on affinity purifications (Alonso-
Gardédn et al., 2021). More recently, whole exome sequencing (WES) on genomic DNA
from three patients with an MRI-based diagnosis of MLC not showing pathogenic
variants in MLC1 or GLIALCAM identified GPRC5B as a disease-causing gene
(Passchier et al., 2023). These patients harbored two different duplications arose de
novo in the fourth transmembrane domain. The variants are p.lle176dup and
p.Ala177dup.
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Lymphoblasts from MLC patients with GPRC5B variants display a disrupted RVD
following swelling induced by hypotonic shock, in a similar manner than lymphoblasts
derived from MLC1 patients. Western blot analysis revealed increased GPRC5B levels
in patient lymphoblasts compared to controls, however, this increment was not

accompanied by altered MLC1 levels (Passchier et al., 2023).

Previous studies from our group demonstrated that GPRC5B knockdown in astrocytes
hampered VRAC activity (Alonso-Gardon et al., 2021). Other groups have reported that
GPRCSB overexpression increases VRAC activity, similarly to the increased VRAC
activity seen in MLC1 overexpression (Passchier et al., 2023). In regards of the MLC-
causing GPRC5B mutations, it could be hypothesized that these variants might be
incapable of increasing VRAC activity, since most mutations cause a loss of function.
However, the authors observed that the patient-derived mutations were equally effective
in increasing VRAC currents than GPRC5B WT. They suggest that an increased
GPRC5B expression would cause chronic white matter oedema by disrupting VRAC
activity. This would explain how heterozygous variants are sufficient to cause a full-blown
MLC phenotype (Passchier et al., 2023). Regardless, further studies are needed to

comprehend the role of GPRC5B in the volume regulation and in MLC disease.
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3. MEMBRANE PROTEINS IN STRUCTURAL BIOLOGY

3.1 PROTEIN EXPRESSION

One of the first challenging decisions when starting to work with purified target protein is
to select the most suitable gene expression system for the expression of the protein of
interest. In this sense, a wide variety of systems have been developed each having
particular features. Depending on the biological properties of the target protein and the

planned applications, one expression system will be more appropriate than others.

Knowing the native localization of the protein of interest, its molecular weight, and post-
translational modifications is essential for its correct expression. Moreover, it is also
important to identify whether the protein is part of a complex, as in this case, co-

expression would probably be required for its stabilization (Schiitz et al., 2023).

Commonly, prokaryotic target proteins are produced in E. coli. In contrast, for eukaryotic
target proteins, different expression systems are used based on multiple factors. Firstly,
for simple eukaryotic target proteins, E. coli can be considered for its expression. In this
host, proteins can be produced intracellularly in the cytoplasm, directed into the
periplasm, or secreted to the extracellular milieu. It is noteworthy to mention that E. coli
cannot provide most of the post-translational modifications and it is unable to fold

proteins containing multiple disulfide bonds (Graslund et al., 2008).

For other eukaryotic target proteins, however, yeast, insect cells, or mammalian cells
might be more advisable. One of the key differences between these expression hosts

lies in the type of glycosylation they provide.

Yeast can provide certain post-translational modifications such as glycosylation, disulfide
bond formation, and proteolytic processing (Patra et al., 2021). Pichia pastoris, one of
the most used yeast-based gene expression system, is capable to produce N- and O-
linked glycosylation (Liu et al., 2022). Still, yeast glycosylation is different than
mammalian glycan structures which are known to be more complex. Nevertheless, yeast
is popularly used for the production of nanobodies (Matsuzaki et al., 2022), cytokines, or

certain vaccines, and enzymes for industrial applications (Baghban et al., 2019).

Baculovirus-mediated gene expression in insect cells has become more popular in
recent years, especially to produce membrane proteins, such as GPCRs and ion

channels. In insect cells, target proteins can be produced intracellularly or secreted to
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the extracellular milieu. They can provide N- and O-glycosylation, but they fail to

generate complex type N-glycans (Palmberger et al., 2012).

Mammalian cells are especially used for integral membrane proteins as they offer a
cellular environment that closely resembles the native one. The main drawback of this
system is that the levels of expression are lower compared to the other methods (Pandey
et al., 2016). HEK293 cell lines are commonly used. For obtaining higher volumes,
suspension cell cultures are employed such as HEK293-6E, HEK293F, and Expi293F.
Target proteins can be expressed transiently in mammalian cells by transfection with a
plasmid or by transduction with baculoviruses (BacMam). Alternatively, the generation of

a stable cell line expressing the target protein is also an option (Schitz et al., 2023).

Lastly, cell-free expression is an emerging method for fast and efficient production of
membrane proteins. This system requires supplementation with exogenous amino acids,
cofactors, and energy sources, plus MRNA or DNA templates. They are based on lysates
of E. coli or mammalian extracts from human cell lines or rabbit reticulocytes (Aleksashin
et al., 2023).

3.2 MEMBRANE PROTEIN PURIFICATION

Once the gene expression system has been chosen and the target protein is expressed,
it needs to be purified. Focusing on membrane proteins, its purification is challenging
due to their low concentration and physiochemical properties. The first step for
membrane protein purification is to isolate plasma membranes from cells. One of the
most frequently used method for this is to employ differential centrifugation that will
separate membranes from other organelles based on their distinct densities (Lin and
Guidotti, 2009).

Structural and functional studies often require protein extraction from the plasma
membrane followed by its reconstitution into an environment that allows such
downstream analyses. This process is called solubilization, where the native
phospholipid environment is disrupted while maintaining the protein stable and folded
(Ratkeviciute et al., 2021). Solubilization is usually performed by adding detergents,
which are amphipathic molecules containing both hydrophobic and hydrophilic groups.
They tend to form micelles in water and they bind to hydrophobic parts of the protein.
Still, even in the presence of detergents, membrane proteins have a tendency to
aggregate (Smith, 2017).
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The choice of detergent is critical for a successful solubilization. It depends on the
intrinsic properties of the target protein and it should sufficiently solubilize the protein
without irreversibly denaturing it (Smith, 2017). When working with detergents, it is
important to be aware of their critical micelle concentration (CMC). CMC is the
concentration of free detergent at which there is an equilibrium between disperse
detergent molecules and micellar structures (Schimerlik, 2001). The detergent’s head
group influences on the detergent-protein interaction, whilst the length of the alkyl chain
determines the CMC. Detergents can be classified into three groups based on the nature
of the polar head: ionic, nonionic, and zwitterionic. lonic detergents, such as sodium
dodecyl sulfate (SDS), are efficient solubilizers, but tend to denature the protein.
Nonionic detergents usually solubilize without altering protein structure. Some nonionic
detergents are digitonin, glucosides, and maltosides. Lastly, zwitterionic detergents,
such as lauryldimethylamine oxide (LDAOQ) are likely to inactivate proteins (Kielkopf et
al., 2021).

Several tags can be cloned into the gene of interest to improve the purification of
proteins. They can be placed either at the N- or C-terminus of a target protein, however,
it should be noticed that placing it on the N-terminal end could improve protein

translation. Next, some of the most popular tags are briefly described.

His-tag consists of six or more consecutive histidine residues that bind the immobilized
metal ions on resin or beads via the histidine imidazole ring, then, the tagged protein can
be easily eluted using elution buffers with imidazole or low pH. Another example is the
GST tag that binds to resin immobilized glutathione. GFP can also be used as a tag if
bonded to the protein of interest since resins that bind this protein have been developed.
Other tags include epitope tags, such as the FLAG-tag which is a short, eight-residue
(DYKDDDDK) hydrophilic peptide tag. This sequence can be recognized with high
specificity by commercially available antibodies. 3x-FLAG tag is a variant made with
three tandem repeats of FLAG sequences. Another example is Strep-tag that exploits
the strong interaction of biotin and streptavidin. This system uses a synthetic Strep-tag
Il peptide (WSHPQFEK) that binds to a recombinant and optimized form of streptavidin
called Strep-Tactin. Twin-Strep-tag was also developed and consists of the strep motif
twice connected by a linker. It displays higher affinity for Strep-Tactin than the Strep-tag
[I. Another improvement that has been made is the development of Strep-Tactin XT that
shows higher affinity for both Strep-tag Il and Twin-Strep-tag. For the elution,
desthiobiotin, a biotin analog that competes for the binding of Strep-Tactin, is used.

(Malhotra, 2009). One advantage of using desthiobiotin is that the elution does not alter
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the pH of the sample, while most of the other tags depend on adding an acidic solution

to elute it.

3.3 SOLVING PROTEIN STRUCTURE

In the last years, cryogenic electron microscopy (cryo-EM) has become a powerful
method in structural biology to solve protein structures. Compared to other techniques,
such as X-ray crystallography and nuclear magnetic resonance (NMR), cryo-EM requires
lower sample concentrations and it is compatible with large and heterogeneous
macromolecular protein complexes. Unfortunately, high-resolution structure
determination of small proteins (<100 kDa) remains difficult for two main reasons. Firstly,
small proteins generate a lower signal-to-noise ratio (SNR) especially in the presence of
detergent micelles. Secondly, small proteins have few distinctive morphological features

that complicates particle alignment (Wentinck et al., 2022).

An approach to overcome this problem is to increase the molecular weight of the target
protein. To do so, different strategies can be classified into two groups: target protein
binding methods, which result in oligomer formation, and target protein fusion methods

that result in chimeras (Wentinck et al., 2022).

3.3.1 TARGET PROTEIN FUSION

Target fusion strategies use small epitope motifs to which high-affinity Fabs are available.
For its success, this fusion must be very rigid. The use of Fabs remains restricted as they
have to be produced for each individual system. To overcome this problem, an approach
that eliminates the need to generate Fabs for each system was developed. For this,
fusion proteins are introduced to the exposed loops of membrane proteins and the Fab

bind to them. With this end, BRIL system was generated.

3.3.1.1 BRIL

BRIL is an engineered thermostable variant of cytochrome b562 from E. coli. It consists
of four-helix bundle fold that weights 12 kDa. Its small molecular weight is not enough to
become an effective fiducial marker. For this reason, the development of BAG2, a semi-
synthetic antibody (sAB), specifically recognizing the BRIL element has served as a tool

for the structure determination of BRIL-fused membrane proteins. The addition of a 50
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kDa Fab facilitates accurate orientation of the proteins, even when their structure is

mostly embedded in the membrane (Mukherjee et al., 2020).

BRIL has been successfully used in the structural resolution of some GPCRs, such as
the Frizzled5 receptor (Fzd5) (Tsutsumi et al., 2020) and the adenosine A2a receptor
(Zhang et al., 2022). In these cases, BRIL was placed in the intracellular loop 3, between
helix V and VI of the GPRCs without disrupting their core structure, and BAG2 was

incubated with the target protein.

At the same time, another anti-BRIL antibody (SRP2070Fab) was developed, which was
used to determine the serotonin receptor 5HT+g and the angiotensin Il receptor AT2R
structures through X-ray crystallization (Miyagi et al., 2020). Both SRP2070Fab and
BAG2 successfully recognize the BRIL protein fusion, but they bind to different epitopes.
BAG2 recognizes helices Il and Ill, whereas SRP2070Fab binds to helices lll and IV
(Miyagi et al., 2023). Although, SRP2070Fab has not been tested for cryo-EM analyses,
it is believed that it could also be useful in this technique (Miyagi et al., 2020).

Beside GPCRs, BRIL has also been used for the solving of several protein structures.
Among them there can be found the zinc transporter YiiP (Mukherjee et al., 2020) (Figure
19), human pannexin 2 channel (PANX2) (He et al., 2023), the proton-activated chloride
channel TMEM206 in pufferfish (Deng et al., 2021), the heterohexameric LRRC8A:C
channel in mice (Kern et al., 2023) or the folate transporter SLC19A1 (Dang et al., 2022).

Figure 19. BRIL-fused construct is recognized by BAG2. A. 2D class averages from
negative-stain images of the zinc transporter YiiP-BRIL alone. B. 2D class averages from
negative-stain images of YiiP-BRIL bound to BAG2. C. 3D map of YiiP-BRIL-BAG2 complex.
Crystal structure of YiiP (in blue, PDB ID: 3H90) and BRIL-BAG2 (two copies in red and green
respectively, PDB ID: 6CBV) were fitted into the low-resolution map. Adapted from (Mukherjee
et al., 2020).
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3.3.2 TARGET PROTEIN BINDING

Target binding strategies include scaffolding DNA (Aissaoui et al., 2021),
thermostabilized antagonists (Zhang et al., 2022), antigen-binding fragments (Fabs) (Wu
et al., 2012), and nanobodies (Uchanski et al., 2020), among others.

Fabs consist of the antigen binding region of an antibody. They weigh approximately 50
kDa and they have proven to be very successful in solving protein structures, especially
for small membrane protein (Wentinck et al., 2022). As an example, a Fab identified from
screening a phage display library was used to determine the structure of a 64 kDa
glycosyltransferase, ALGG6, that is involved in ER-luminal N-glycan synthesis (Bloch et
al., 2020). Unfortunately, a stable rigid Fab is not commercially available for every
protein, and a single Fab might still be insufficient to add molecular weight for structure
determination (Wentinck et al., 2022).

3.3.2.1 NANOBODIES

Another approach for target binding is the use of nanobodies. Nanobodies are the
variable domains of heavy-chain only antibodies that naturally occur in camelids
(Uchanski et al., 2020). Structurally, nanobodies present the immunoglobulin fold, whose
core consists of a series of nonconsecutive antiparallel beta strands that form two sheets

held together by an intramolecular disulfide bond (Condeminas and Macias, 2024).

Due to their limited size (~ 12 kDa), they do not contribute to increase the target protein
molecular weight, but they present several features that makes them attractive for protein
structure determination. One singular characteristic is that they can bind to small
exposed surfaces, which might not be accessible to conventional antibodies.
Furthermore, they can lock the target protein in a specific conformation, thereby reducing
target flexibility (Wentinck et al., 2022).

Nanobodies have been successfully used in X-ray crystallography as they bind their
target and they induce different contacts resulting in improved crystal packing and
resolution (Errasti-Murugarren et al., 2019). In cryo-EM, some protein structures have
also been unveiled by the application of nanobodies. For instance, the Na*-taurocholate
cotransporting polypeptide (NTCP) conjugated with two nanobodies revealed two distinct
conformations as one nanobody fixed an inward-facing state and the other promoted the

opening of the pore (Goutam et al., 2022). In another study, the structure of human
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GPRY75 in its active state by using an intracellular nanobody was reported (Lv et al.,
2022).

Regarding small protein structure resolution in cryo-EM, the use of nanobodies is not
common because the small size of this particles does not sufficiently increase the target
protein weight. To overcome this limitation, different approaches have emerged that are

based in adding extra weight to the nanobody particle.

3.3.3 MEMBRANE MIMETIC SYSTEMS

Structural characterization of membrane proteins remains challenging mainly because
of the difficulties in keeping structural and functional integrity when these proteins are
extracted from their native environment. As already mentioned, this process is typically
achieved with detergents, however, detergent micelles fail to mimic the complexity of the
native membrane environment (Autzen et al., 2019). Additionally, the presence of
detergents often complicates cryo-EM analysis as they increase the background noise.
In this sense, detergents can form empty micelles that can be as large as the micelles
containing a small target protein which increases the background noise as well (Nygaard
et al., 2020).

For these reasons, several non-detergent alternatives have been developed, including
amphipols, nanodiscs, and proteoliposomes, among others (Figure 20). Usually,
detergents are preferred for membrane protein extraction, but before sample vitrification

for cryo-EM, the detergent is removed and the other membrane mimetic system is added.
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Figure 20. Schematic diagram of different membrane mimetic systems. Membrane
proteins can be reconstituted in detergent micelles, amphipols, liposomes and nanodiscs.
Membrane protein is represented as a blue block. Modified from (Yeh et al., 2020).
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3.3.3.1 AMPHIPOLS

Amphipols are amphipathic polymers formed by hydrophilic backbones and hydrophobic
side chains. They can self-assemble into particles that surround membrane proteins and
maintain them in their native state. Compared to detergents, they display a greater
affinity for the hydrophobic transmembrane domains. Thus, no free amphipol molecules
are found in solution, which is an advantage in cryo-EM as they will not influence on the
background noise (Autzen et al., 2019). Samples in amphipols produce more uniform ice
films on the grids, therefore, a better particle distribution is achieved in comparison to
detergents (Flétenmeyer et al., 2007). Furthermore, amphipols can also be useful to
stabilize protein complexes and facilitate the analyses of fragile membrane proteins or
membrane proteins complexes (Zoonens and Popot, 2014). In few cases, amphipols
have been used for protein resolution in cryo-EM, which might be limited for their cost.
For instance, in the case of the lysosomal calcium channel TRPML1, three distinct

conformational states were identified using amphipols (Zhang et al., 2017a).

3.3.3.2 NANODISCS

Nanodiscs consist of a non-covalent assembly of phospholipid and a genetically
engineered membrane scaffold protein (MSP) derived from apolipoprotein. The
phospholipid associates as a bilayer domain while two molecules of MSP wrap around
the edges of the structure in a belt-like configuration (Bayburt and Sligar, 2010). Its
diameter is dictated by the length of the MSP. In nanodiscs, the protein is in a more native
like environment, which is typically more stabilizing than the environment created by
detergents. Nanodiscs also have a more distinct shape than detergent micelles, which

helps align the particles in cryo-EM (Nygaard et al., 2020).

Nanodiscs have been extremely useful in blood clotting research, as the activity of some
proteins are dependent on the phospholipid composition (Shaw et al., 2007). They have
also been used to test a broad class of GPCR drug targets (Leitz et al., 2006). Regarding
protein structures, M2 and (32-adrenergic receptors were reconstituted in nanodiscs to
study structural and functional properties in their complexes with B-arrestin (Staus et al.,
2020). Another example of cryo-EM resolution is GLUT4, the primary glucose transporter
in adipose and skeletal muscle tissue. Its structure was solved bound to a small inhibitor

and it was achieved in both detergent micelles and lipid nanodiscs (Yuan et al., 2022).
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Nanodiscs can also be made of styrene maleic acid (SMA) copolymers instead of MSP.
In this case, SMA wraps around the membrane protein along with its surrounding lipids
forming disc-shaped structures referred as SMA lipid particles (SMALPs) or SMA
nanodiscs. The main difference is that SMA can only be created directly from intact cells,

since the native membrane phospholipids are maintained (Dérr et al., 2016).

SMALPs have been used for the extraction and purification of a human dopamine
receptor 1 (DR1) (Bada Juarez et al., 2020) and the structural resolution of glycine
receptor (GlyR) bound to glycine, taurine or GABA (Yu et al., 2021).

3.3.3.3 PROTEOLIPOSOMES

Liposomes are vesicles formed by a phospholipid bilayer, which may form spontaneously
in aqueous media (Singh, 2019). Proteoliposomes are liposomes to which a protein has
been incorporated or inserted (Ciancaglini et al., 2012). Their similarity with the native
plasma membrane allows for functional and structural protein studies (Puvanendran et
al., 2020).

Although liposomes are widely used for functional protein studies, they are not commonly
chosen for structural studies. Recently, a cryo-EM structural analysis workflow for
membrane proteins embedded in liposomes was published. In this research, they worked

with the well-characterized AcrB E. coli transporter as a prototype (Yao et al., 2020).

Later, the structural resolution of other proteins has also been solved in cryo-EM
reconstituting the protein in liposomes. This is the case for the bacterial voltage-gated
sodium channel NaChBac, which was reconstituted in liposomes under an
electrochemical gradient (Chang et al., 2023). Another example is the structural
resolution of Respiratory complex |, which is the main entry point for electrons into the
mitochondrial respiratory chain. In a recent study, this complex from bovine heart was
reconstituted in proteoliposomes. Researchers identified three conformational states for

the complex, being two open and one close conformation (Grba et al., 2024).
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Megalencephalic Leukoencephalopathy with subcortical cysts (MLC) is a rare genetic
disease caused by mutations on either MLC1, GLIALCAM, GPRC5B or AQP4. To date,

the pathophysiological mechanisms underlying the disease are not fully understood.

Our group has extensively studied MLC1 and GlialCAM and has found a wide number
of proteins related to them. At the same time, both proteins have been linked to different
physiological processes in which they participate. For instance, GPRC5B was found to
be part of this network. With this thesis, we aimed to gain knowledge on the molecular
mechanisms underlying GPRC5B regulation related to MLC disease, as well as, to gain
further understanding of the structure of MLC1 and GlialCAM proteins. The specific

objectives are:

1. Characterize an MLC patient carrying two MLC1 mutations showing a remitting

phenotype using genetic and biochemical studies.

2. Study the GPRC5B- mediated signalling transduction pathways and the potential
implication of MLC1 and GlialCAM in the signalling cascade.

3. Study the pathogenicity of GLIALCAM patient-derived mutations located at the
IgC2 domain, as well as the GPRC5B patient-derived mutations. Determine a
potential link of GPRC5B activity on the function of GlialCAM related to its IgC2

domain.

4. Obtain the tridimensional structure of MLC1 via cryo-EM.
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1. MOLECULAR TECHNIQUES

In this thesis, different genes of interest were cloned into bacterial or eukaryotic vectors

to express them in cellular models. The generation of these vectors was achieved by

Polymerase Chain Reaction (PCR) followed by Gateway technology (developed by

Invitrogen).

1.1 PCR

PCR is a technique that allows amplifying selectively DNA fragments exponentially.

Material

Polymerase Buffer 10x
dNTPs 2 mM

MgSO4 25 mM

KOD polymerase 1 U/pL

- Forward Primer 10 yM

- Reverse Primer 10 yM
- Template DNA 100 ng/pL

- Milli-Q water
- Thermocycler
Protocol

KOD Hot Start DNA Polymerase kit (Novagen) containing:

1. Prepare the PCR mix for each reaction by adding the following volumes in each

tube:

- Polymerase Buffer 10x

- dNTPs 2 mM

- MgS0425 mM

- KOD polymerase 1U/uL

- Forward Primer 10 yM

- Reverse Primer 10 uM

- Template DNA 100 ng/pL
- Milli-Q water

Final Volume

5puL
5puL
3L
1L
1.5pL
1.5pL
1-3 uL
X uL
50 uL
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2. Spin shortly the mix.

3. Place the tubes in the thermocycler and set the PCR protocol with the following

conditions:
Initiation 2 minutes at 95°C
Denaturation 30 seconds at 95°C
Annealing 30 seconds at 55°C 25 cycles
Extension 1 minute and 30 seconds at 70°C
Ending 10 seconds at 95°C
Storage 4°C
I I
I I
Initiation | Denaturation | Ending
I I
- ; Extension |
95°C | 95°C I
2 min | 30 sec
| Annealing 70°C !
I ) I
| 1 min 30 sec |
I I
| 55°C |
| 30 sec I Storage
I I
: : 4°C
| 25 cycles I *
I I

Figure 21. PCR protocol. PCR consists of multiple cycles of denaturation where the DNA
strands get separated; annealing where primers bind to the DNA strands; and extension where
DNA polymerase extends the 3’ end.

* The duration of the extension phase depends on the fragment length, it is considered
to be 1 Kb per 1 minute.

** The annealing temperature is based on the primer sequence, and it is calculated with

the following formula:

Tm=[4G+C)+2(A+T)] -4
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1.1.1 RECOMBINANT PCR/ SPLICING BY OVERLAP EXTENSION (SOE) PCR

Recombinant PCR or Splicing by Overlap Extension (SOE) PCR is used to induce point
mutations, insertions, and/ or deletions on the template DNA. In this technique, two
fragments containing the mutation are cloned separately, followed by a second PCR

aimed at overlapping them.

Material

KOD Hot Start DNA Polymerase kit (Novagen) containing:
- Polymerase Buffer 10x
- dNTPs 2 mM
- MgSO4 25 mM
- KOD polymerase 1 U/uL
- Forward Primer 10 uM
- Reverse Primer 10 uM
- Template DNA 100 ng/pL

- Milli-Q water
- Thermocycler
Protocol

1. Add the following volumes for each reaction in an Eppendorf tube:

- Polymerase Buffer 10x 5uL

- dNTPs 2 mM 5uL

- MgS0425 mM 3L

- KOD polymerase 1U/uL 1L

- Forward Primer 10 uM 1.5uL

- Reverse Primer 10 yM 1.5uL

- Template DNA 100 ng/uL 1-3 L

- Milli-Q water X uL
Final Volume 50 pL

2. Put the tubes in the thermal cycler and program it with the following conditions:

Initiation 2 minutes at 95°C

Denaturation 30 seconds at 95°C

Annealing 30 seconds at 55°C 25 cycles
Extension 1 minute and 30 seconds at 70°C

91



MOLECULAR TECHNIQUES

Ending 10 seconds at 95°C
Storage 4°C

1.2 DNA ELECTROPHORESIS AND PURIFICATION

Once the DNA is cloned, the PCR product must be checked. For this, a non-

denaturalizing agarose gel electrophoresis is run, where the DNA migrates based on its

molecular weight. From this gel, bands can be cut and purified. DNA electrophoresis is

also performed when digesting vectors with restriction enzymes.

1.2.1 ELECTROPHORESIS

Material

TAE 1x: prepared from TAE 50x diluted in distilled water

TAE 50x: 2 M Tris-base; 1 M acetic acid; 50 mM EDTA pH 8 in distilled water
Loading buffer 6x (ThermoFisher Scientific)

GeneRuler (ThermoFisher Scientific) DNA molecular weight ladder

Agarose

SYBR Safe DNA Gel Stain (Invitrogen)

Mould tray

Well comb

Electrophoresis bucket (Bio-Rad)

Power supply

Trans-illuminator UV light

Protocol
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1. Weigh 1 g of agarose in 100 mL of TAE 1x.

Heat 2 minutes in the microwave or until the agarose is dissolved.

Once it has cooled down, add 10 uL of RedSafe and pour it into the mould tray.
Let it cool down to solidify.

Prepare samples with loading buffer at a final concentration of 1x.

Load DNA samples and DNA ladder.

Run the electrophoresis at 80-100 V.

* The running time will depend on the size of the expected bands.

. Visualize the gel in a UV trans-illuminator.
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Cut the bands of interest using a blade and collect them in separate Eppendorf
tubes.
* Bands are not cut on control plasmid digestions with restriction enzymes.

Acquire photo of the gel.

1.2.2 DNA PURIFICATION

Material

High Pure PCR product purification kit (Roche) containing:
- Centrifuge tubes with coupled columns
- Binding buffer
- Washing buffer

Milli-Q water

Blades

Dry bath

Protocol

1.

Cut the desired band from the agarose gel with a blade and put it in an Eppendorf
tube.

2. Add 500 pL of Binding Buffer.

B

© N o o0

9.

Heat the sample at 60°C in a dry bath until the agarose is melted.

Transfer the liquid sample to a column coupled to an Eppendorf tube from the
Purification kit.

Centrifuge at 13,000 rpm for 1 minute.

Discard the supernatant and add 500 uL of Washing buffer.

Centrifuge at 13,000 rpm for 1 minute.

Discard the supernatant and add 200 uL of Washing buffer.

Centrifuge at 13,000 rpm for 1 minute.

10. Discard the supernatant and transfer the column to a new Eppendorf tube.
11. Add 50 pL of milli-Q water, incubate for 1 minute to elute the DNA.
12. Centrifuge at 13,000 rpm for 1 minute.
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1.3 GATEWAY SYSTEM

In this thesis, different constructs have been generated to express cloned genes or DNA
fragments into living systems with the aim to perform functional assays or express
proteins for their purification. Gateway recombination cloning has been used to achieve

SO.

Gateway technology (Invitrogen) is based on the highly specific integration and excision
reactions of lambda phage sequences into the E. coli genome. When the phage infects
bacteria, the DNA sequence aftP from the phage recombines with the bacterial DNA
sequence attB in the presence of integration-specific enzymes. As a result, the phage
DNA is integrated into the bacterial genome and the hybrid recombination sites are now
called attL and attR. In the lytic phase, phage DNA can excise itself from bacterial DNA
in the presence of a different set of recombination and excision enzymes. These
recombinant reactions are called BP (attB x attP - attL + atfR) and LR (attL x atiR >
attB + attP), they are reversible, and they are the basis of the Gateway cloning system.
Different att sites facilitate the cloning of each DNA fragment into the vector, for instance,

attB1 can only recombine with attP1 and not attP2 (Figure 22).

ccdB ccdB
attL2 ¢ .‘ attRz LR clonase ¢ -. attB2 attP2
Entry Destination — Expression Donor
clone + vector — clone + vector
BP clonase
Kan”® Kan®

Figure 22. Gateway reactions. Scheme showing the four types of plasmids and enzyme
mixes involved in Gateway cloning reactions. Red arrows represent the gene of interest.
Adapted from (Katzen, 2007).

1.3.1 GENERATION OF PRIMERS

The first step for Gateway cloning is the addition of attB sequences flanking the DNA of
interest. The primers used for the PCR are designed to include the attB regions, which
are 18-25 bp in length. The attBs regions used in this thesis are attB1, attB2, aftB5R and
attB5, where aftB5R and attB5 recombine. Its use will depend on the desired type of
construct. In order to introduce our insert in an expression vector without any molecular
tags or epitopes, we will flank the insert with attB1 (5’) and attB2 (3’). In contrast, to fuse

our insert with a tag or epitope, one sequence will be flanked with attB1 (5’) and aftB5R
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(3’) and the other with attB5 (5’) and attB2 (3’). This variant is called Multisite Gateway

two-fragment cloning.

When generating the primers, it is also important to consider that the attB1 primer should
contain the Kozac sequence (ACC) right before the start codon (ATG) as it is necessary
for the recognition of the start codon for gene translation. In the same manner, the attB2
should contain the sequence of the stop codon, but it should be removed in the attB5R
so that the second fragment can be expressed. In Figure 23, the attBs sequences used

in this thesis are displayed.

attB1 (forward): 5-GGGGACAAGTTTGTACAAAAAAGCAGGCTTAACC-(GEN)-3'

attB1 Kozak
attB5R (reverse): 5-GGGGACAACTTTTGTATACAAAGTTGT-(GEN)-3’
attB5R
attB5 (forward): 5-GGGGACAACTTTGTATACAAAAGTTGNN-(GEN)-3’
attB5
attB2 (reverse): 5'-GGGGACCACTTTGTACAAGAAAGCTGGGT TAG-(GEN)-3'
attB2 stop

Figure 23. Example of attB sequences.

1.3.2 BP CLONING REACTION

For every DNA fragment of interest, an Entry clone needs to be generated by the BP
cloning reaction. In this reaction, the PCR product flanked by attB sequences is
combined with a commercially available donor vector (P(DONR221) thanks to the BP
clonase enzyme. The donor vector contains attP1 and attP2 sequences. In the event of
cloning two DNA fragments, the first entry clone needs to be flanked by attB1 and aftB5R,
whereas the other one by attB5 and attB2. In this case, the donor vectors will contain
attP1- attP5R and attP5 - attP2, respectively (Figure 24).

attB aitB aftl aftL attR attR

tiB-flanked PCR e "
aprodﬁgt gr attB by-product

expression clone

Figure 24. BP recombination scheme. Adapted from ThermoFisher — Gateway Technology
Manual.
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After an incubation at room temperature, competent E. coli cells are transformed and
kanamycin resistant colonies will be obtained, since the donor vector contains a
kanamycin resistance gene. The efficiency is high due to the specificity of the

recombinant reaction and negative selection is conferred by the presence of ccdB gene.
Material

- PCR product

- pDONR221

- BP clonase Il enzyme mix
- Milli-Q water

- Proteinase K

- Dry bath

Protocol

1. Prepare the reaction mix. The final volume is 5 L.

attB-PCR product (20-50 fmols) 3 L

pDONR (150 ng/pL) 1uL
BP Clonase Il 1uL
Spin the mix.

Incubate at room temperature for 2 hours.
* BP reaction can also be left O/N.
4. Stop the reaction adding 0.5 pL of Proteinase K and incubate at 37°C for 10

minutes.

After, the BP reaction is transformed into competent bacteria and seeded into kanamycin
plates as described in Section 1.6. The final vectors are digested by restriction enzymes

and sequenced, as described in Sections 1.9 and 1.10, respectively.

1.3.3 LR I REACTION

Once the entry clones are created, they need to be introduced into the destination vector.
The LR recombination between an entry clone and a destination vector will produce an

expression clone. It is performed by the enzyme LR clonase Il (Figure 25).

After an incubation at room temperature, competent E. coli cells are transformed and

ampicillin resistant colonies will be obtained, since the destination vector contains an
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ampicillin resistance gene. The efficiency is high due to the specificity of the recombinant

reaction and negative selection is conferred by the presence of ccdB gene.

attL attL attR attR attB attB attP attP

destination expression
vector clone

LR Clonase® 1l
—_—

by-product

Figure 25. LR recombination scheme. Adapted from ThermoFisher — Gateway Technology
Manual.

Material

- Entry clone

- Destination vector

- LR clonase Il enzyme mix
- Milli-Q water

- Proteinase K

- Dry bath

Protocol

1. Prepare the reaction mix. The final volume is 5 L.

Entry clone 150 ng (1-3 pL)
Destination vector 150 ng (1-3 L)
LR Clonase Il 1uL

Milli-Q water Upto 5 puL

Spin the mix.
Incubate at room temperature O/N.
Stop the reaction by adding 0.5 uL of Proteinase K and incubate at 37°C for 10

minutes.

After, the LR reaction is transformed into competent bacteria and seeded into ampicillin
plates as described in Section 1.6. The final vectors are digested by restriction enzymes,
as described in Section 1.9.
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1.3.4 LR Il + REACTION

In the Multisite Gateway System, molecular tags are fused into our gene of interest. The
recombination occurs between two entry clones and the destination vector. The first entry
must contain aftL1 and att5R sequences, while the second one needs to have atfL5 and
attB2 sequences. The reaction is performed by the enzyme LR clonase IlI+. The whole

Gateway Multisite system for DNA cloning is summarized in Figure 26.

PCR Fragments | anB5 gumattB? |
X X X X
pDONRs artP1 attP5
¢ $ BP reactions
Entry Clones B
X
><
X
Destination Vectors attR1 attR2
l LR reaction
Expression clones attB1 attB5 g attB2

Figure 26. LR Multisite recombination scheme. Adapted from
ThermoFisher — Gateway Technology Manual.

Material

- Entry clone

- Destination vector

- LR clonase Il enzyme mix
- Milli-Q water

- Proteinase K

- Dry bath
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Protocol

1. Prepare the reaction mix. The final volume is 5 L.

Entry clone 1 10 fmol (=1 L)
Entry clone 2 10 fmol (=1 L)
Destination vector 20 fmol (=1 L)
LR Clonase I+ 1L

Milli-Q water Upto5pL

To convert DNA femtomoles (fmols) into nanograms (ng) the following formula is

applied:

660fg>_( 1ng)

ng = x fmols)- ) (o) (g s

where x is the number of fmols and N is the DNA size in base pairs (bp).
Spin the mix.
Incubate at room temperature O/N.
4. Stop the reaction adding 0.5 pL of Proteinase K and incubate at 37°C for 10

minutes.

After, the LR reaction is transformed into competent bacteria and seeded into ampicillin
plates as described in Section 1.6. The final vectors are digested by restriction enzymes,

as described in Section 1.9.

1.4 BACMAM SYSTEM

The BacMam technology is based on using baculoviruses as vehicles to efficiently
express genes in mammalian cells. A baculovirus is a double-stranded DNA insect virus
that has been modified for enabling transgene expression in mammalian cells. BacMam
particles are taken up by endocytosis and released for transcription and expression
following migration to the nucleus. BacMam has been used for a growing number of
applications, including drug discovery or large-scale protein production for structural
studies (Goehring et al., 2014).

For the generation of the BacMam virus, the Bac-to-Bac baculovirus expression system
(Invitrogen) was employed. This system uses the Tn7-mediated site-specific

transposition reaction to direct the integration of the transfer vector expression cassettes

99



MOLECULAR TECHNIQUES

into a baculovirus backbone vector (bacmid) in the E. coli strain DH10Bac (Fornwald et
al., 2016).

For the generation of the plasmid containing our gene of interest, also called donor
plasmid, restriction enzymes were used for the cloning. The donor plasmid allows the
generation of an expression construct containing the gene of interest under the control
of a baculovirus-specific promoter. This expression cassette is flanked by Tn7 and it also
includes an antibiotic resistance gene and an SV40 polyadenylation signal to form a mini
Tn7.

4 ™ r ™
Tet?
Gene of interest
lasZ mini-atfTn7 .
Transformation Transposition
Antibiotic selection
Kanf
Recombinant
Dionor Plasmid
Bacmid Bacmid
p. A p /'

Competent DH10Bac™ E._coli cells
E.coll {lacZ-) containing
recombinant bacmid

Mini-prep of
high maolecular
weight DHNA
Determine vins
titer by plague .
assay or FACS Recombinant
baculovins
= &b §
Transfection of insect cells
. with
. -
:nm:ef:?e:: Expifectamine™ 5f Reagent
00p0p0 g 0O
Recombinant baculovirus
particles Recombinant bacmid DNA
o0oCoQ o Cpno

Recombinant gene expression
or
virus amplification

Figure 27. Scheme of the Bac-to-Bac system. Generation of recombinant baculovirus and
the expression of a gene of interest using the Bac-to-Bac Baculovirus Expression System.
Extracted from: Bac-to-Bac Baculovirus Expression System — User Guide from ThermoFisher
Scientific.

100



METHODOLOGY

Once the donor vector is cloned, it is transformed in DH10Bac E. coli strain which is used
as the host for the construct containing the gene of interest. These cells enclose a bacmid
with a mini-attTn7 target site and a helper plasmid. When the vector is transformed into
DH10Bac cells, transposition occurs between the mini-Tn7 element on the donor vector
and the mini-atfTn7 target site on the bacmid and the recombinant bacmid is produced.
To ensure the success of the reaction, the presence of transposition proteins supplied

by the helper plasmid is necessary. DH10Bac transformation is detailed in Section 1.6.4.

Then, the bacmid is isolated and it is transfected into Sf9 insect cells to generate the
recombinant BacMam virus. A scheme of the Bac-to-Bac system is displayed in Figure
27. Once the BacMam virus is generated in insect cells, it will be used to infect
mammalian cells. The production of BacMam virus and the mammalian cell infection are

further explained in Section 2.7 and Section 2.8, respectively.

1.5 COMPETENT BACTERIA OBTENTION

Constructs generated with the Gateway system can be transformed and amplified, since
these plasmids contain a replication origin (ORI) that enables its replication in bacterial
cells. This process, called transformation, occurs spontaneously in bacteria called
competent, although it happens at a low frequency. However, it can be reproduced in the
laboratory for research purposes. In this case, bacterial cell competence is artificially

induced, and higher amounts of DNA are obtained.

There are two main methods for bacteria cells to artificially become competent: the
chemical or thermal competence and the electrocompetence. Both methods share the
basis of generating pores in bacterial cell membranes. In the first case, the chemical
competence, cells are treated with a calcium rich environment to prevent the electrostatic
repulsion between the plasmid DNA and the bacterial cellular membrane. For their
transformation, usually a heat shock is performed, where a sudden increase in
temperature creates pores in the membrane that allows for plasmid DNA to enter the
cell. In the second method, cells obtain their competence through electricity, meaning
that after an electric charge, pores are generated in the bacterial wall whereby DNA can

enter the cell.

In this thesis, we worked with three different E. coli strains, DH5a, WK6, and DH10Bac
and we followed different transformation procedures for their acquisition of competence.

DHb5a strain was used to generate and amplify most constructs. WKG6 strain was used to
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amplify nanobodies because they enable the nanobody to be expressed in the periplasm.

Lastly, DH10Bac strain was used for the generation of bacmids.

Plasmid DNA contains an antibiotic resistance gene which is key for selective growth of
successfully electroporated bacterial cells in an antibiotic-containing media. Only
positive-transformed cells will survive, which then will be seeded on LB-agar Petri dishes

to form strains macroscopically visible.

1.5.1 ELECTROCOMPETENT BACTERIA OBTENTION

Material

- 2 Erlenmeyer flasks (1 L capacity)

- 2 Centrifuge bottles (500 mL capacity)

- Spectrophotometer and spectrophotometer compatible cuvettes

- Refrigerated centrifuge and rotor compatible with 500 mL bottles

- Laminar flow hood (for bacteria)

- Liquid nitrogen within a tank

- E. coli (DH5a or DB3.1)
* DB3.1 strain is used to amplify empty vectors. It contains gyrA462 allele, which
makes these bacteria resistant to ccdB lethality gene.
* To seed pre-cultured DB3.1 bacteria transformed with empty vectors, selective
LB medium containing chloramphenicol and the antibiotic used for recombined
vectors (kanamycin for entry clones, ampicillin for destination vectors) are
needed.

- LB sterile media

- Glycerol 10% (v/v) in milli-Q water

Protocol

When working with bacteria, it is strongly recommended to work under the laminar flow

hood to maintain sterile conditions and avoid contaminations.
Day 1

1. Pour 10 mL of LB inside 50 mL Falcon tubes and inoculate the tubes with bacterial
stock.
2. Incubate at 250 rpm for 12-16 hours at 37°C.
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Day 2
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Autoclave the flasks containing 500 mL of LB, 1 L of glycerol 10% and the

centrifuge bottles.

Add one starter culture to each flask.

Incubate at 250 rpm for 100 minutes at 37°C.

Transfer 1 mL of culture into a cuvette to read OD at a 600 nm wavelength.
Once the ODggo reaches 0.5-0.7; place the flasks on ice to stop bacterial growth.
Centrifuge the cultures at 4,000 x g for 15 minutes at 4°C.

Discard the supernatant by decantation.

Resuspend the pellets with a sterile Pasteur pipette using 2 mL of 10% glycerol.
Mix the resuspended pellets in one bottle and add 300 mL of 10% glycerol.
Centrifuge at 4,000 x g for 15 minutes at 4°C.

. Discard the supernatant by decantation.
11.
12.
13.
14.
15.
16.

Wash again with 300 mL of 10% glycerol.

Centrifuge at 4,000 x g for 15 minutes at 4°C.

Wash twice with 150 mL of 10% glycerol.

Centrifuge at 4,000 x g for 15 minutes at 4°C.

Resuspend the pellet with 2 mL of 10% glycerol and prepare 50 uL aliquots.
Freeze immediately after pipetting each volume by placing the tubes in liquid

nitrogen and store at -80°C.

1.5.2 COMPETENT BACTERIA THROUGH CaCl2 OBTENTION

For the acquisition of chemical competence in bacteria, cells are treated with CaCl,

during the exponential growth phase to permeabilize the bacterial wall.

Material

LB sterile
CaCl, 50 mM sterile, prepared with milli-Q water
Spectrophotometer and spectrophotometer compatible cuvettes

Laminar flow hood (for bacteria)
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Protocol

When working with bacteria, it is strongly recommended to work under the laminar flow

hood to maintain sterile conditions and avoid contaminations.

1.

Inoculate 3 mL of LB without antibiotic with a bacteria colony. Grow overnight at
37°C with shaking.

Dilute the preculture 1/100 in LB (250 pL of preculture in 25 mL of LB). Incubate
at 37°C with shaking until the DO at 600 nm is between 0.3-0.4 (around 2-3
hours), which corresponds to 5-107 cells/ mL.

Stop the growing incubating the bacteria 15-20 minutes on ice. From now on,
work at 4°C and in sterile conditions.

Centrifuge at 4,000 rpm for 5 minutes at 4°C. Discard the supernatant and
resuspend the cells in 25 mL of cold CaCl; 50 mM.

Maintain the suspension on ice for 30 minutes.

Centrifuge at 4,000 rpm for 5 minutes at 4°C.

Discard the supernatant and resuspend cells with 2 mL of CaCl, 50 mM, aliquot
in 100-200 pL and store at -80°C. At this point, cells are competent, and its
transformation efficiency increases 4-6 times during the first 12-24 hours if kept
at4°C.

1.6 BACTERIA TRANSFORMATION

1.6.1 BACTERIA TRANSFORMATION THROUGH ELECTROPORATION

Material

104

50 uL of DH5a strain of E. coli bacteria

Plasmid DNA

Micropulser™ electroporation cuvettes 0.1 cm (Bio-Rad)
Electroporator (Bio-Rad Micropulser)

LB medium

LB-agar Petri dishes with antibiotic for bacterial selection
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Protocol

Thaw the competent cells on ice.

Add 0.5 uL of plasmid DNA into an aliquot of 50 uL electrocompetent bacteria,
mix gently and keep on ice.

Transfer the volume to a cuvette.

Place the cuvette in the electroporator and apply a 375 V electric charge.
Collect the electroporated bacteria by adding 250 uL of LB media and transfer
the volume to a 15 mL Falcon tube.

Incubate 1 hour at 37°C and 250 rpm.

Seed 100-200 pL of the bacteria on the antibiotic-containing LB-agar Petri dish.
* Seed 5 pL if the amplified plasmid is an expression vector.

Incubate the Petri dish at 37°C O/N.

Select isolated colonies and grow them in LB medium containing the antibiotic of
selection at 37°C O/N.

* It is recommended to work within range of a Bunsen burner to maintain sterile

conditions.

1.6.2 BACTERIA TRANSFORMATION THROUGH THERMAL SHOCK

Material

DH5a Competent Cells for Subcloning (#EC0111, ThermoScientific)
LB or SOC media

Plasmid DNA

LB plates with antibiotic

Protocol

1.

Thaw competent cells on ice.

Gently mix the cells and make 50 pL aliquots of competent cells.

3. Add 1-5 pL of DNA directly into a tube of competent cells. Mix well by gently

flicking tube several times.

Incubate cells on ice for 30 minutes.

Heat-shock the cells for exactly 20 seconds in 42°C water bath.
* Do not mix or shake the tube.

Incubate the cells on ice for 2 minutes.

7. Add 950 pL of pre-warmed growth medium LB or SOC.
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8.
9.

Incubate the tube at 225 rpm for 1 hour at 37°C.
Spread 20 uL of cells from each transformation reaction on separate LB plates

containing the appropriate selective antibiotic.

10. Invert the plates and incubate overnight at 37°C.

11. Select isolated colonies and grow them in LB medium containing the antibiotic of

selection at 37°C O/N.

* It is recommended to work within range of a Bunsen burner to maintain sterile

conditions.

* This kit of competent bacteria was used routinely for the amplification of vectors. Its

transformation efficiency is calculated to be around 108 CFU/ug. When amplifying BP or

LR products, high efficiency competent cells were used (DH5a Competent Cells

#ECO0112, ThermoScientific), which have a transformation efficiency of 10° CFU/ug. In

this case, the protocol is the same, except that the heat-shock lasts for 30 seconds
instead of 20; and 250 L of LB or SOC medium is added instead of 950 L.

1.6.3 BACTERIA TRANSFORMATION THROUGH CaCl2

Material

Competent cells E. coli WK6 100-200 pL
Plasmid DNA

LB

LB plates with antibiotic

Protocol

1.
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For each aliquot of 100-200 pL competent cells, add 50 ng of the recombinant
plasmid.

Keep the mix 30-60 minutes on ice.

Incubate 2-3 minutes at 42°C.

Incubate 2 minutes on ice.

Add 800 pL of LB without antibiotic. Incubate 1 hour at 37°C and 250 rpm.

Seed on LB plate with the antibiotic the plasmid is resistant to.

Invert the plates and incubate overnight at 37°C.

Select isolated colonies and grow them in LB medium containing the antibiotic of
selection at 37°C O/N.

* It is recommended to work within range of a Bunsen burner to maintain sterile
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1.6.4 DHBAC CELL TRANSFORMATION

Material

MAX Efficiency DH10Bac Competent Cells (#10361012, Gibco)

BacMam plasmid DNA

SOC media

Plates supplemented with kanamycin (50 ug/mL), gentamycin (10 pg/mL),
tetracycline (10 pg/mL), BluoGal (100 pg/mL) and IPTG (40 pg/mL)

Protocol
1. Mix 100 pL of DH10Bac cells with 200 ng of pBacMam plasmid.
2. Incubate on ice for 30 minutes.
3. Heat-shock cells 42 seconds at 42°C.
4. Incubate 2 minutes on ice.
5. Add 950 pL of SOC media and incubate 4 hours at 37°C with agitation.
6. Plate on agar plates.
7. Invert the plates and incubate overnight at 37°C.
8. Select isolated colonies and grow them in LB medium containing the antibiotics

of selection at 37°C O/N.

1.7 PLATES

Material

LB with agar
Petri dishes
Antibiotic

Distilled water

Protocol

1. Weigh the LB and the agar, dilute with distilled water.

Autoclave it.

3. Wait until the solution reaches 65°C, then, under sterile conditions, add the

antibiotic. If needed, add BluoGal and IPTG (see Table 3 for working
concentrations).

Mix and pour 20 mL of liquid into each Petri dish.

5. Wait until it solidifies, and plates reach room temperature.
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6. Store at 4°C for its use.

Stock Working concentration
Ampicillin 100 mg/mL 100 pg/mL
Kanamycin 25 mg/mL 25 pg/mL
Tetracyclin 5 mg/mL 10 pg/mL
Gentamycin 10 mg/mL 10 pg/mL
BluoGal 20 mg/mL 100 pg/mL
IPTG 200 mg/mL 40 pg/mL

Table 3. Complementation of LB plates. Antibiotic, BluoGal and
IPTG concentrations needed for LB plates.

1.8 PLASMID DNA PURIFICATION

Commercial kits have been developed to extract and purify DNA produced by
transformed bacteria. In our laboratory, we work with QIAprep kits from Qiagen.
Depending on the amount of DNA needed, minipreps, midipreps and maxipreps will be

used.

1.8.1 MINIPREPARATION

Material

- 5 mL of transformed bacteria culture
- QIAprep Spin Miniprep Kit containing:
- Resuspension Buffer P1
- RNAseA
- Lysis Buffer P2
- Neutralization Buffer N3
- Qiagen ionic columns with coupled collector tubes
- Washing buffer
- Milli-Q water
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Protocol

A e

Grow overnight 5 mL of bacterial culture.

Add 250 pL of Lysis buffer and mix by inversion.

Centrifuge at 4,000 rpm for 10 minutes and discard the supernatant.

Resuspend the bacterial pellet in 250 uL of Resuspension buffer.

* If LyseBlue has been added to the Resuspension buffer the solution should

become blue.

5. Add 350 pL of Neutralization buffer and mix by inversion.

* The solution should become white.

Centrifuge at 13,000 rpm for 10 minutes.

6
7. Transfer the supernatant into the Qiagen ionic column.
8

Centrifuge at 13,000 rpm for 1 minute.

9. Discard the supernatant.
10. Wash the column with 750 uL of Washing buffer.
11. Centrifuge at 13,000 rpm for 1 minute.

12. Place the column in a 1.5 mL Eppendorf tube.

13. Add 50 pL of milli-Q water and incubate for 1 minute at room temperature.

14. Centrifuge at 13,000 rpm for 1 minute.
15. Quantify DNA using Nanodrop
16. Store at -20°C.

1.8.2 MIDIPREPARATION

Material

- 50 mL of transformed bacteria culture

- QIAprep Spin Midiprep Kit containing:

Resuspension Buffer

RNAse A

Lysis Buffer

Neutralization Buffer

QIAfilter Cartridge, plunger and tube extender
Capture Buffer

Qiagen ionic columns

ETR Wash buffer

PE Wash buffer
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- Elution buffer
Milli-Q water

Protocol

110

1

2.
3.
4

Grow overnight 50 mL of bacterial culture.
Centrifuge at 5,400 rpm for 20 minutes and discard the supernatant.

Resuspend the bacterial pellet in 4 mL of Resuspension buffer.

. Add 4 mL of Lysis buffer, mix by inversion, and incubate 3 minutes at room

temperature.

* If LyseBlue has been added to the Resuspension buffer the solution should
become blue.

Add 4 mL of Neutralization buffer and mix by inversion.

* The solution should become white.

Couple the QIAfilter Cartridge on a 50 mL Falcon tube and transfer the bacterial
lysate.

Incubate 10 minutes at room temperature.

Introduce the plunger and press to filter the lysate.

9. Add 2 mL of BB buffer and mix by inversion.

11

16.
17.
18.
19.

. Couple the tube extender on the upper part of the column and transfer the lysate

through the tube extender into the column.

. Insert the vacuum in the bottom part of the column.
12.
13.
14.
15.

Add 700 pL of ETR Wash buffer and apply the vacuum.

Add 700 pL of PE Wash buffer and apply the vacuum.

Centrifuge at 17,900 rpm for 1 minute.

Couple the column into a new 1.5 mL Eppendorf tube and add 200 uL of EB buffer
or milli-Q water to elute.

Incubate 1 minute at room temperature.

Centrifuge at 17,900 rpm for 1 minute.

Quantify DNA using Nanodrop

Store at -20°C.
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1.8.3 MAXIPREPARATION

Material

250 mL of transformed bacteria culture
QIAprep Spin Maxiprep Kit containing:
- Resuspension Buffer
- RNAse A
- Lysis Buffer
- Neutralization Buffer
- QIlAfilter Cartridge, plunger and tube extender
- Capture Buffer
- Qiagen ionic columns
- ETR Wash buffer
- PE Wash buffer

- Elution buffer

- Isopropanol

- 70% ethanol

- Milli-Q water

Protocol

1. Grow overnight 250 mL of bacterial culture.

2. Centrifuge at 6,000 x g for 15 minutes at 4°C and discard the supernatant.

3. Resuspend the bacterial pellet in 10 mL of Resuspension buffer.

4. Add 10 mL of Lysis buffer, mix by inversion and incubate 5 minutes at room
temperature.
* If LyseBlue reagent has been added to the Resuspension buffer the solution
should turn blue.

5. Add 10 mL of prechilled Neutralization buffer, mix by inversion and incubate on
ice for 20 minutes.
* If using LyseBlue reagent, mix the solution until it is colorless.
Centrifuge at = 20,000 x g for 30 minutes at 4°C.
Meanwhile, equilibrate a Qiagen-tip with 10 mL of Buffer QBT and allow column
to empty by gravity flow.

8. Apply the supernatant from step 6 to the Qiagen-tip and allow it to enter the resin
by gravity flow.

9. Wash twice with 30 mL of Buffer QC.

10. Elute DNA with 15 mL of Buffer QF into a clean 50 mL falcon tube.
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11. Precipitate DNA by adding 10.5 mL (0.7 volumes) room-temperature isopropanol
to the eluted DNA and mix.

12. Centrifuge at = 15,000 x g for 30 minutes at 4°C.

13. Wash the DNA pellet with 5 mL of room temperature 70% ethanol.

14. Centrifuge = 15,000 x g for 10 minutes.

15. Air-dry the pellet for 5-10 minutes and redissolve DNA with 200 uL of milli-Q
water.

16. Quantify DNA using Nanodrop

17. Store at -20°C.

1.8.4 BACMIPREP

Material

- QIAprep Spin Miniprep Kit containing:
- Resuspension Buffer P1
- RNAse A
- Lysis Buffer P2
- Neutralization Buffer N3
- Qiagen ionic columns with coupled collector tubes
- Washing buffer

- Isopropanol

- 70% ethanol

- Milli-Q water

Protocol

1. Centrifuge cells at 16.000 g for 5 minutes and discard the supernatant.

2. Resuspend the pellet in 400 pL of P1 Buffer.

3. Add 400 pL of P2 Lysis Buffer, invert the tube 10 times and incubate at RT for 5
minutes.

4. Add 400 pL of N3 Neutralization Buffer and invert the tube 10 times, gently.

Centrifuge at 16.000 g for 25 minutes at 4°C and transfer the supernatant to a

fresh Eppendorf tube.

Centrifuge the supernatant again at 16.000 g for 15 minutes at 4°C.

Split the supernatant into two tubes and add 700 uL of isopropanol to each tube.

Place the tubes on ice for 30 minutes in order to precipitate the bacmid DNA.

Centrifuge at 16.000 g for 15 minutes at 4°C.

© © N o
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10. Carefully, remove the supernatant without disturbing the pellet and add 1 mL of
70% ethanol to the tube.

11. Invert several times and centrifuge at 16.000 g for 15 minutes at 4°C.

12. Remove the supernatant and let the pellet dry (for no longer than 5 minutes).

13. Resuspend in 100 yL of TE buffer.

14. Quantify DNA using the Nanodrop and store at 4°C.

1.9 RESTRICTION ENZYMES DIGESTION

Restriction endonucleases are enzymes that recognize a specific DNA sequence and
cleave it. They were first discovered in bacteria, and they are commonly used in

research, especially in DNA cloning.

In this thesis, restriction enzymes have been used as control digestion analyses, aimed
to validate the specificity of the produced DNA. To do so, firstly a vector map is created
using computer software (VectorNTI). Once the map is designed with all its features, a
restriction analysis is virtually simulated where we obtained different size bands as the
result of the restriction enzyme cleaving our vector. In the laboratory, the results are
validated by reproducing the reaction and running and agarose gel for the digested

samples.
Material

- Construct DNA
- Digestion enzymes and buffers (New England Biolabs)
- Milli-Q water

Protocol

1. Design the restriction reaction using Vector NTI software
* When possible, choose restriction enzymes that cut in the middle of the insert
and in an insert-free area of the vector.
* NEB supports an online website to check the compatibility of different restriction
enzymes activity, as well as the optimal buffer for the reaction: Double Digest
Finder (https://nebcloner.neb.com/#!/redigest)

2. Switch on the thermal dry bath at 37°C.
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3. Prepare the mix for each construct to digest
- 600 ng DNA
- 0.5 yL per restriction enzyme
- 1 uL buffer
- Milli-Q water
Final Volume 10 yL
4. Incubate 1 hour in the thermal dry bath.
Run an agarose gel (as described in Section 1.2.1) at 100 V for 45 minutes
approximately.
* The running time will depend on the size of the expected bands.

6. Acquire photo of the gel.

1.10 DNA SEQUENCING

To verify that the generated construct is correct and after the restriction enzyme
validation, the construct is sequenced. DNA sequencing has been performed at the
Genomics Facility of Centres Cientifics i Tecnologics de la Universitat de Barcelona
(CCIT-UB).

Material

- Primers
- DNA

- Thermal cycler

Protocol

1. Add 150-600 ng of DNA with 4 pL of the primer at 1 uM into a tube.
2. Dry the tubes in the thermal cycler programmed for 20 minutes at 80°C.

3. Send the samples at the Genomics Facility of CCIT-UB.
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2. CELL BIOLOGY TECHNIQUES

HEK293 and Hela cells have been used for different techniques. HeLa cells come from
human cervix adenocarcinoma, which is characterised for the presentation of an
epithelial phenotype and for the incorporation of human papillomavirus 18 (HPV-18)
sequences. In contrast, HEK293 cells derive from human renal epithelia, and they have
been transformed with the adenovirus E1A gene (Graham et al., 1977). HEK293T cell
line is derived from a HEK293 line that is expressing the antigen T from SV40 virus,
which enables the episomal plasmid replication of those plasmids containing an origin of
replication and an early SV40 promoter (Alwine, 1985). On the other hand, HEK2936E
cell line, used for big scale expressions, expresses the Epstein-Barr Virus Nuclear
Antigen-1 (HEK293-EBNA1 or HEK293E) (Tom et al., 2008).

2.1 GENERAL CONDITIONS FOR ADHERENT HELA AND HEK293T CELLS

Manipulation of cell lines is performed under sterile conditions in fully equipped laminar
flow cabinets. All material is one-usage or previously sterilized. Cells are grown at 37°C,
5% CO2 and 90% relative humidity. The cell media used is Dulbecco’s Modified Eagle
Medium (DMEM, Biological Industries) supplemented with 1% glutamine, 1%
penicillin/streptomycin antibiotic solution, and 10% Fetal Bovine Serum (FBS). FBS is
previously treated for 30 minutes at 56°C in order to inactivate the complement and

antibodies.

2.2 GENERAL CONDITIONS FOR SUSPENSION HEK293-6E CELLS

Manipulation of cell lines is performed under sterile conditions in fully equipped laminar
flow cabinets. All material is one-usage or previously sterilized. Cells are grown at 37°C,
5% CO2, 90% relative humidity and 125 rpm. The cell media used is Freestyle F17 (Life
Technologies) supplemented with 2% L-glutamine, 0.1% pluronic F68 (Applichem) and
0.05% G418.
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2.3 TRYPSINIZATION

Once cells are confluent, they are detached by the addition of trypsin and seeded at a

lower density for their optimal growth. Trypsinizations are routinely done twice per week.

Material
- Trypsin-EDTA 1x (Biological Industries)
- Complemented DMEM media
- PBS 1x sterile
- Neubauer chamber
Protocol

1. Wash cells carefully with 10 mL of sterile PBS.

2. Remove the PBS and add 1 mL of trypsin.
Incubate cells at 37°C for a couple of minutes, during this time, check their
detachment.

4. Once detached, add 9 mL of complemented media to stop the trypsinization,
resuspend up-and-down for a homogeneous solution.

5. Count cells with the Neubauer chamber

2.4 FREEZING

Material

- Complemented DMEM media

- Trypsin

- Sterile dimethyl sulfoxide (DMSO)
- PBS 1x

- Cryotubes

Protocol

Trypsinize cells and resuspend them in complemented DMEM media.
Centrifuge cells 5 minutes at 200 x g and aspirate the supernatant.
Resuspend the pellet with complemented media containing 10% of DMSO.
Aliquot 1 mL of cells in each cryotube.

Store the tubes at -80°C between 10 and 16 hours.

Later, store the tubes at -80°C or a liquid nitrogen tank.

o a0 ~ w N~
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2.5 THAWING

Material

- Complemented DMEM media
- Cryotubes with frozen cells

- 10 cm cell culture plates

Protocol

Thaw cells in a 37°C bath.
Put cells into a falcon with 10 mL of media.
Centrifuge cells 5 minutes at 180 x g and discard the supernatant.

Resuspend the pellet with 10 mL of media and seed in a 10 mm plate.

o M w0 bdh =

Put the plates in the incubator for cells to grow.

2.6 TRANSIENT TRANSFECTION

2.6.1 TRANSIENT TRANSFECTION IN ADHERENT CELL LINES

Material:

- HelLa or HEK293T cells

-  DMEM Supplemented

- OptiMEM Glutamax media (Gibco)

- Sterile PBS 1x

- Transfectin Lipidic Reagent (Bio-Rad)
- 6-well culture plates

- cDNAs constructs

Protocol:

1. Trypsinize cells and seed at a 35% confluence (approximately 400,000 cells/well)
and keep them for 24 hours in cell incubator to reach a 70-80% confluence for an
optimal transfection.

2. Mix 3 pg of cDNAs with 250 pL of OptiMEM.

Mix 3 uL of Transfectin Lipidic Reagent with 250 uL of OptiMEM.
* If transfecting 10 mm Petri plates, mix 11 ug of cDNAs with 1.5 mL of OptiMEM
for each dish and 11 L of transfectin with 1,5 mL of OptiMEM.
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4. Mix the DNA-OptiMEM with Transfectin-OptiMEM and incubate for 20 minutes at
room temperature.

Meanwhile, wash cells with PBS 1x and add 1 mL of OptiMEM in each well.

Add the DNA-Transfectin into each well and incubate for 4 hours at 37°C.
Discard the media and add 2 mL of DMEM in each well.

Incubate cells for 48 hours before performing the experiment.

© N o O

2.6.2 TRANSIENT TRANSFECTION IN SUSPENSION CELL LINE

Material

- HEK293-6E cells at a concentration of 1.8-10° cells/mL
- Trypan Blue

- Counting slides

- Automatic cell counter

- 50 mL Falcon tubes

- F-17 complemented media

- PEI MAX 1 mg/mL

- Sterile flasks

- cDNAs constructs
Protocol

1. Count cells mixing one part of trypan blue with one part of cell culture in a
counting slide; use an automatic cell counter.
2. Prepare two falcons, in one put media plus the DNA, and in the other the
media plus PEI. The ratio used for PEIl: DNA is 4:1.
For 1 L cell culture, prepare two falcons with 50 mL of media each. In one,
add the total amount of 1 mg of DNA and, in the other one, add 4 mL of PEI.
3. Mix the falcons and incubate 3 minutes at RT.
Pour the mix into the cell culture.

Incubate cells for 48 hours.
Considerations

Do not dilute cells above 0.7-10° cells/mL. The maximum concentration of cells in any
Erlenmeyer flask is around 3-10°- 4-10° cells/mL. The maximum volume of any flask is

20% of its capacity. The amount of transfected DNA is 1 ug per 1 mL of media.
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2.7 PRODUCTION OF BACMAM VIRUS

2.7.1 TRANSFECTION IN SF9 CELLS

Material
- Sf9 cell culture
- Bacmid DNA
- PElI max
- 150 mM NacCl
- FBS

Protocol

1. Prepare solution A and B:
a. Solution A: dilute 20 ug of Bacmid DNA into 0.5 mL of 150 mM NaCl.
b. Solution B: dilute 80 pL of PEI into 0.5 mL of 150 mM NaCl.
Mix solution A and B and incubate for 30 minutes at RT.
In parallel, grow 10 mL of Sf9 cells until they reach a density of 1-1.2 cells/mL.
Add the transfection mixture to the cell culture.
Check fluorescence and cell viability.
After 5-7 days post-transfection there should be a high range of infected cells.
Centrifuge cells at 4,000 rpm during 10 minutes.
Collect the supernatant.
Add 10% of FBS and store at 4°C protected from light. This is the PO virus.
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2.7.2 P1 VIRAL PRODUCTION

Material
- Sf9 cell culture
- PO virus
- FBS

Protocol

1. Grow 30-35 mL of Sf9 cell culture at 1.2 - 108 cells/mL.
2. Infect the culture with 1% of PO.
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3. After 5-7 days, collect the media.
4. Centrifuge at 4,000 rpm during 10 minutes at RT.
5. Collect the supernatant and store it at 4°C with 10% of FBS. This is the P1 virus.

2.7.3 P2 VIRAL PRODUCTION

Material

- Sf9 cell culture
- P1 virus
- FBS

Protocol

Grow 500 mL of Sf9 cell culture at 1.2 - 108 cells/mL.
Infect the culture with 1% of P1.

After 5-7 days, collect the media.

Centrifuge at 4,000 rpm during 10 minutes at RT.

o > w0 bdh =

Collect the supernatant and store at 4°C. This is the P2 virus.

2.8 MAMMALIAN CELL INFECTION

2.8.1 VIRUS PRECIPITATION

Material

- P2virus
- PEG solution (for a final volume of 500 mL):
o 120 g PEG6000 + 320 mL H.O
o 40 mL NaCl 5M
o 20 mL HEPES
o pH74

o Autoclave
Protocol
1. Centrifuge P2 virus at 4,000 rpm for 10 minutes.

2. Add % volume of 4xPEG to the P2 virus, mix and store at 4°C O/N.
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Centrifuge the sample at 4,000 rpm for 30 minutes at 4°C.

Discard the supernatant. The pellet with the virus should be white/greyish.
Discard all PEG solution and resuspend the virus in Freestyle media at 37°C.

* The stock should have an ODeyo of 0.3 or higher. To achieve so, usually the
pellet is resuspended in 10-15 mL of media.

6. Store the virus at 4°C protected from light.

2.8.2 CELL INFECTION

2.8.2.1 INFECTION IN SUSPENSION CELLS

Material
- HEK293-6E suspension cells
- Freestyle media
- P2 virus at ODeggo 0.3
- 1M sodium butyrate in PBS
Protocol

1. Cells should be at a density of 2.5 - 108 cells/mL and the incubator temperature
should be at 30°C.
Infect cells at 1.5% vol/vol.

3. Add 5 mM sodium butyrate at the moment of infection.

Depending on the protein expression, collect the cell culture at 36, 48 or 72 hours.

2.8.2.2 INFECTION IN ADHERENT CELLS

Material

- HEK293T cells

- DMEM + 10% FBS

- DMEM without FBS

- P2 virus at ODeoo 0.3

- 1M sodium butyrate in PBS
Protocol

1. Plate cells the previous day with DMEM 10% FBS.
2. At the moment of infection, change media to DMEM without FBS.
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3. Set the incubator temperature at 30°C.
4. Infect cells at 1.5% vol/vol and add 5 mM sodium butyrate.

5. Depending on the protein expression, collect the cell culture at 36, 48 or 72 hours.

2.9 IMMUNOCYTOCHEMISTRY

2.9.1 SEEDING FOR IMMUNOCYTOCHEMISTRY

Material
- Hela cells in 6-well plates
- Sterile PBS 1x
- DMEM supplemented
- Trypsin
- Neubauer chamber
- Coverslips
- Surgical tweezers
- 48-well plates
Protocol
1. Wash cells with PBS 1x.
2. Tyrpsinize cells with 200 uL of trypsin per well.
3. Add 800 uL of DMEM to stop trypsinization.
4. Count cells with the Neubauer chamber.
5. Seed 100,000 cells into a 48-well plate with a coverslip in each well.
6. Add media for a final volume of 400-500 L.

2.9.2 IMMUNOCYTOCHEMISTRY

Immunocytochemistry assays are performed to study the subcellular localization of
different proteins. In this assay, specific primary antibodies detecting the protein of
interest have been used. These antibodies are detected by fluorescence-labelled

secondary antibodies. Its fluorescent signal is observed under the microscope.
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Material
- Cultured cells on 10 mm coverslips
- 24-well plate
- Paraformaldehyde (PFA) 4%
- PBS 1x
- Blocking solution PBS 1x-FBS 10%
- Blocking and permeabilizing solution PBS 1x- FBS 10%
- Primary antibodies
- Secondary antibodies
- Mounting medium Vectashield (VECTOR) with DAPI 1.5 ug/mL
- Surgical tweezers
- Glass micro slides (26 x 76 mm)
- Nail polish
Protocol

Discard the cell media and wash twice with PBS 1x.

Fix cells with 250 uL PFA 4% and incubate 20 minutes at room temperature
(shaking is optional).

* PFA is toxic by skin contact and inhalation, working under the hood is strongly
recommended.

Discard the PFA and wash twice with PBS 1x.

* Fixed cells can be stored in PBS 1x- sodium azide 0.05% at 4°C.

Incubate the cells with blocking solution for 1 hour.

Incubate with primary antibodies diluted in blocking solution at RT for 1 hour

* The incubation can also be left O/N at 4°C.

6. Wash with PBS 1x 3 times for 10 minutes each wash.

Incubate with secondary antibodies diluted in blocking solution at RT for 1 hour

protected from the light.

8. Wash with PBS 1x 3 times for 10 minutes each wash.

10.

11.
12.

Mount the coverslips onto glass micro slides with Vectashield + DAPI mounting
medium.

Remove the excess mounting media solution carefully and seal the coverslips
with nail polish.

Once the glass slides are dried, store them at 4°C protected from light.

Acquire images using a Cell R Olympus DSU spinning-disk microscope.

123



CELL BIOLOGY TECHNIQUES

2.9.3 DATA ANALYSIS

Immunofluorescence experiments were performed on HelLa cells and analysed manually
using ImagedJ software. The experiments done in this thesis were to assess protein

distribution and enrichment in tight junctions.

To determine whether a protein was enriched in tight junctions, images of two fluorescent
cells were acquired. Its analysis is based on the comparative quantification of the
fluorescent signal between cell-cell contacts (FC) and the plasma membrane of each cell
(F1, F2). When FC > F1 + F2, its concluded that the protein being analysed is enriched

at cell-cell junctions (Figure 28).
Material

- Microscope images

- Imaged software

Protocol

1. Open images in ImageJ software.
2. Select Straight box to draw a straight line crossing a pair of cells.
Calculate the fluorescence profile following the command: Analyse > Plot Profile

If FC > F1 + F2, the immunolabeled protein is enriched at cell-cell junctions.
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Figure 28. Analysis of cell-cell junction localization using ImageJ command.
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2.9.4 COLOCALIZATION

Material

- Microscope images
- Imaged software

o The plugin Colocalization Finder is needed

Protocol

Open images in ImageJ software.
Convert images to 8-bit.
Go to Plugin -> Colocalization Finder.

Select the cells of interest in the new window, use the freehand selection.

o M 0w DN =

Selection area is logged into a results window with a scatter plot where the

Pearson’s correlation is calculated.

2.10 NANOBIT

NanoBiT System is a complementation technique used to reveal protein-protein
interactions. The method is based on the NanoLuc (NLuc) luciferase which is a small
enzyme engineered for the function as a luminescent reporter. Luciferases are commonly
used to monitor gene expression due to their broad dynamic range and their sensitivity.
The enzyme is divided into two fragments: LgBiT and SmBiT (for large and small
NanoBiT, respectively). LgBiT fragment weighs 17.6 kDa and SmBIT, 1.3 kDa. Upon

interaction, active luciferase is reconstituted in the presence of substrate (Figure 29).

Protein B

N

LgBiT SmBIT
(17,6 kDa) (11 aa)

Figure 29. Schematic representation of NanoBiT interaction between two proteins. Each
protein is fused to either largeBiT (LgBiT) or smallBiT (SmBiT) fragment. The interaction
between the two fusion proteins leads to the complementation of the luciferase, restoring its
function and eliciting reporter luminescent signal.
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Two NanoBIiT assays were performed, the first one analysed the activity of NanoLuc
luciferase by adding coelenterazine as the substrate and it was used for the splits
experiments. While the second one evaluated the activity of two luciferase enzymes and

it was employed for all the other NanoBiT assays.

Material
- Transfected HEK-293T cells
- PBS 1x
- Coelenterazine H
- Luminometer
Protocol

1. Detach cells manually by adding PBS 1x and transfer the volume to Eppendorf
tubes.

Centrifuge 5 minutes at 200 x g.

Wash once with PBS 1x.

Centrifuge 5 minutes at 200 x g.

Resuspend each tube with 60 yL of PBS 1x.

Switch on the luminometer.

N o o bk e

Add 40 L of coelenterazine at the moment of the lecture (one by one).

2.10.1 DUAL NANOBIT ASSAY

One of the main limitations of the just described NanoBiT assay was the variability among
cell cultures and conditions. With that assay, we were assuming that the transfection
would be equal in all conditions, which is hardly ever the case. Since we wanted to use
this technique for signalling studies that required the transfection of more constructs, the
described variability was a major setback. For this reason, we decided to work with a

dual-luciferase assay.

The Nano-Glo Dual- Luciferase Reporter Assay (Promega) was employed. This kit uses
the firefly (Photinus pyralis) luciferase as the constitutively expressed control reporter
and Renilla luciferase as the experimental reporter. Dual assays are helpful to normalize
the experimental luminescence with the co-transfected control, as they reduce
experimental variability arising from transfection efficiency, cell number, cell viability,
temperature, and measurement time. The kit allows for sensitive detection of both

luciferases in the same sample. First, the firefly signal is read by adding the reagent
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needed and, then, the second reagent is added where the firefly signal is quenched while

providing the substrate needed for the second luciferase.

Material
- Transfected HEK293-T cells
- PBS 1x
- Nano-Glo Dual Luciferase Assay (Promega)
- 96-well white plates
Protocol

1.

Equilibrate plates and solutions at room temperature.

Discard the cell media and resuspend cells in 1 mL of PBS 1x.

3. Add 50 uL of the resuspended cells to a 96-well white plate.

= © ® N o o &

* Per each condition, prepare triplicates on the plate.

Add 50 pL of ONE-Glo Ex reagent per well.

Incubate the samples for at least 3 minutes to allow cells to lyse.

Measure firefly luciferase activity in the luminometer.

Add 50 pL of NanoDLR Stop&Go Reagent.

Incubate the plate on an orbital shaker at 600-900 rpm for at least 3 minutes.

Incubate 10 minutes without shaking.

0. Measure NanoLuc luciferase activity in the luminometer.

2.11 FICOLL SEPARATION OF PBLs

Peripheral blood leukocytes (PBLs) were isolated from blood samples by using the Ficoll

cell separation method. Ficoll is a synthetic polysaccharide used to create a density fluid

gradient that allows the separation of different cell types (Figure 30).

Material

- PBS 1x sterile

- Ficoll

- Neubauer chamber
- Pasteur pipette

- Falcons 15/ 50 mL
- Cryotubes

127



CELL BIOLOGY TECHNIQUES

Protocol
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11

Put the blood sample in a 15 mL Falcon tube and add the same volume of PBS.
Homogenise the mixture.

In a different falcon, add Ficoll (the same volume as the blood sample) at room
temperature.

Pour the blood/PBS into the Ficoll. The Falcon tube has to be inclined and the
first droplet has to fall slowly into the wall of the tube in order to obtain two
differentiated phases.

Centrifuge at 2,000 rpm for 20 minutes without break.

Collect the mononuclear cells with a Pasteur pipette, without taking the Ficoll.
Put the cells into a Falcon with 50 mL of PBS.

Homogenise.

Count cells with the Neubauer chamber.

. Centrifuge at 1,500 rpm for 10 minutes without break.
. Resuspend with 2 mL of sterile PBS.

12.
13.
14.
15.

Centrifuge at 3,000 rpm for 5 minutes.
Remove the supernatant.

Freeze cells in cryotubes.

Store cells at -80°C.

Layers before spin Layers after spin

Blood

—_— PBLs interphase

Granulocytes

RBCs

Figure 30. Separation of blood components by density gradient centrifugation. PBLs
are enriched in an interphase on top of the separation medium (Ficoll) by density gradient
centrifugation. Layers before (left) and after (right) centrifugation are shown. PBL.: peripheral
blood leukocytes, RBC: red blood cells. Adapted from (Posch et al., 2016).
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3. PROTEIN STRUCTURAL TECHNIQUES

3.1 PROTEIN EXTRACTION

Most of the work carried out in this thesis was done in transfected cell lines. To study
their protein levels, protein extraction and quantification needed to be performed. The
extraction consists of the cell lysis by chemical and mechanical means. Total protein

levels are quantified using BCA commercial kit.

Depending on the objective, two different procedures for protein extraction were
followed. In adhesion cells, total protein extracts were obtained following standard
protocols, whereas in suspension cells only membrane proteins were extracted, and they

were used for membrane protein purification.

3.1.1 TOTAL PROTEIN EXTRACTION for adhesion cells

Material

- Cell culture

- PBS 1x

- Lysis buffer: protease inhibitors (Aprotinin and PMSF at 1 mM, Leupeptin and
Pepstatin at 2 yM), NaCl 150 mM, 1% Triton X-100, PBS 1x.

- Cell scraper

Protocol

1. Wash twice the cells with PBS 1x.

* From this point, all the protocol is performed at 4°C to avoid protein degradation.
2. Remove the PBS and add the Lysis buffer (0.8-1 mL in 10 mm plates, 100-120
ML in 6-well plates).
Scrape the cells with the cell scraper and resuspend the cell lysate.
Incubate the cell lysate in agitation for 1 hour at 4°C.
Centrifuge the cell lysate at 14,000 rpm for 10 minutes at 4°C.

Recover the supernatant and store it at -80°C.

S S

Quantify total protein using the BCA Protein Assay Kit.
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3.1.2 MEMBRANE PROTEIN EXTRACTION for suspension cells

Material

Cell culture

PBS 1x

Lysis Buffer: 10 mM Tris pH 8; 10 mM NaCl; Complete mini EDTA-free protease
inhibitors (Roche).

* One tablet of Complete mini EDTA-free per 50 mL of lysis buffer.

Solubilisation buffer without detergent: 100 mM Tris pH 8; 150 mM NacCl, 10%
glycerol; Complete mini EDTA-free protease inhibitors.

* One tablet of Complete mini EDTA-free per 50 mL of lysis buffer.

Potter

Ultracentrifuge

Ultracentrifuge tubes and rotor

Protocol
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1.

N o o b~

9.

Count cells with an automatic cell counter to know the concentration and cell
viability.

Centrifuge the cell culture at 500 x g for 10 minutes at 4°C.

Discard the supernatant, wash the pellet with PBS 1x and centrifuge at 500 x g
for 10 minutes at 4°C.

Repeat the previous step.

Resuspend the pellet in Lysis Buffer and homogenize with the Potter 30 times.
Centrifuge at 4,000 x g for 15 minutes at 4°C.

Ultracentrifuge the supernatant at 200,000 x g for 1 hour at 4°C (50.2Ti rotor at
41,000 rpm or 70Ti at 44,000 rpm) and discard the supernatant.

Resuspend the pellet in solubilisation buffer without detergent and homogenize
the membranes with the Potter 30 times.

Quantify the total membrane protein using the BCA Protein Assay Kit.

10. Freeze membranes in liquid nitrogen and store them at 80°C.
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3.2 TOTAL PROTEIN QUANTIFICATION (BCA)

The BCA method is a biochemical assay that uses the bicinchoninic acid (BCA) for
colorimetric detection and quantification of total protein. BCA is a stable, water-soluble
compound capable of forming an intense purple complex with cuprous ion (Cu'™) in an
alkaline environment. In this environment, ion cupric (Cu?*) becomes reduced to Cu'* at
complexation sites within protein molecules. Then, the coloured chromophore develops
from the union between BCA and Cu'*. The generation of this coloured complex is
established between peptides bonds and copper atoms. The colour produced is stable

and increases proportionally with protein concentration.
Material

- 96-well plate

- BCA protein assay kit (ThermoFisher Scientific)
- BSA2mg/mL

- ELISA microplate reader (Biotek)

Protocol

Prepare the standard and the samples.

Mix reagent A and B at 1:50 ratio following manufacturer’s instructions.
Add 200 pL of the reagents mix into each well.

Incubate 30 minutes at 37°C.

Read the absorbance at 595 nm.

o o~ wh =

Calculate sample protein concentration using the values obtained from the

standard line.

3.3 DETERGENT PREPARATION

During this thesis, we have worked with different detergents, being digitonin, DM, and

DDM the most employed. In Table 4, all the detergents used are listed.
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NAME FULL NAME C.M.C (%) |CHEMICAL STRUCTURE
] . o .
CHS Cholesteryl hemisuccinate ,OT\)LO Ho ity
© HO Ly
HO.
Ho~Y~1-0,
HO- T HO,
Cv-6 Cymal-6 0.028 X’ﬁﬁo o
HD-X/{B:,O\/\,/\/\L/\J
o SO S
C12E8 Octaethylene Glycol Monododecyl Ether 0.0048 B e e T TN
LN NP T e N N
HC\
DDM n-Dodecyl-B-D-Maltopyranoside 0.0087 DS
HO. HO.
HOT RO RS HiC, O
HO HO e
Digitonin Digitonin 0.02-0.03 HO. PP N
HO. HO.\ﬁo, o, Mo H“C/j'*/i;
H H A]A OH
HO V%OI\._/?—I \/1]\0 H
HO™ OH
DM n-Decyl-B-D-Maltopyranoside 0.087
GDN Glyco-diosgenin 0.0021
LAPAO 3-Dodecylamido-N,N"-Dimethylpropyl Amine Oxide 0.047
LDAO n-Dodecyl-N,N-Dimethylamine-N-Oxide 0.023
Nonylglucoside [n-Nonyl-B-D-Glucopyranoside 0.2
HO._
HO— ,_l/o\
Nonylmaltoside  |n-Nonyl-B-D-Maltopyranoside 0.28 ) OHDH?:\L/O
HOL"\‘L—I/\/\J\/\
OH
HO.
) ) HO 0
Octylglucoside n-Octyl-B-D-Glucopyranoside 0.53 HO&@,O
TSN
OH

Table 4. Detergents used for detergent screening. Detergent full name, CMC and chemical
structure are detailed.
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3.3.1 DIGITONIN

Material

Digitonin, High Purify (Merck)

Buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water.
Thermal dry bath

0.2 pum filter

Protocol

1.

Set the thermal dry bath at 95°C and preheat the buffer 1 minute in the
microwave.

Weigh the digitonin needed in a laminar flow hood.

* We typically prepare digitonin at 5% concentration.

Add buffer and incubate 20 minutes at 95°C.

4. After this time, incubate on ice for 1 hour minimum.

Filter the digitonin and store at 4°C for immediate use or at -20°C.

3.3.2 OTHER DETERGENTS

Material

Detergent (Anatrace)

CHS (Anatrace)

Buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water.
Rotating wheel

Sonicator

Protocol

1.

Weigh the desired detergent.
* We typically prepare detergents at 10% concentration.

Add buffer and leave it at the rotating wheel at RT until the detergent is dissolved.

3. Weigh and add CHS to a final concentration of 2%.

Sonicate until the solution is translucid.
* Be careful to not heat the detergent. If the temperature increases, stop
sonicating or do shorter cycles.

Store at 4°C for immediate use or at -20°C.
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3.4 FLUORESCENCE SIZE EXCLUSION CHROMATOGRAPHY (FSEC)

FSEC is a technique widely employed for membrane protein expression screening. In

general, the protein of interest is fused to GFP. Protein level is analysed by size-exclusion

chromatography (SEC) linked to fluorescence detection using a HPLC instrument. In this

thesis, FSEC was used to screen in a quick manner the solubilization capacity of different

detergents and the putative ability of several nanobodies to specifically bind MLC1.

Material

Transfected HEK293-6E

PBS 1x

Detergents

Solubilization buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; 10% glycerol; 1%
detergent; Complete EDTA-free protease inhibitors (Roche) in milli-Q water.

* Use 1 tablet of Complete EDTA-free protease inhibitors per 50 mL of buffer.
Rotating wheel

Eppendorf ultracentrifuge

Eppendorf Safe-Lock tubes

Spin-X centrifuge tube filters, pore size 0.22 ym (Corning)

Bottle-top vacuum filters, pore size 0.22 ym (Corning)

AKTA buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; double CMC % of DDM in
milli-Q water.

Superose 6 Increase 30/100 GL column (Cytiva)

AKTA machine

96-well black plates

Fluorometer

Protocol

Centrifuge the cell culture at 200 x g for 10 minutes.

2. Wash twice with PBS 1x.

Resuspend the pellet with solubilization buffer without detergent. Divide the
volume in parts.
Add the appropriate detergent in each part.

Incubate for 1 hour in the rotating wheel at 4°C.

6. Take 100 uL of each sample, put it in a 96-well black plate and read the
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7. Centrifuge 1 hour at 200,000 x g for 1 hour at 4°C (Rotor TLA-55 at 55,000 rpm).
* Use Eppendorf safe-lock tubes for the centrifugation.

8. Take 100 uL of each sample, put it in a 96-well black plate and read the
fluorescence.

9. In the meantime, prepare the equilibration buffer, filter it with a bottle-top vacuum
filter and equilibrate the AKTA as described in Section 3.6.1.

10. Once the ultracentrifuge has finished, filter the samples with centrifuge tube filters
by centrifuging the samples at 3,000 x g during 5 minutes at 4°C.

11. Inject each sample to the AKTA as described in Section 3.6.2 and collect the
fractions in 96-well black plates.

12. Read the fluorescence.

3.5 PROTEIN PURIFICATION

Protein purification is a fundamental technique for analysing single proteins or protein
complexes and identifying interactions with other proteins or performing functional and
structural studies. The purification process consists of obtaining the protein alone in their
physiological conformation and once it is purified, different assays can be done, such as

obtaining its structure in cryo-electron microscopy (Cryo-EM).

The basis of protein purification is that the target protein is separated from other
molecules by specifically binding to a ligand present in the resin. Therefore, as the
sample is passed through the resin, the protein of interest is bound to it while the other
components are washed away. Finally, by changing the buffer conditions, the binding

between the ligand and the protein breaks.

To facilitate the purification procedure, affinity tags can be fused to the protein of interest.
In this thesis we have worked with three different tags: TwinStrep, Flag and Polyhistidine
tag depending on the analysed protein. The resins handled as well as their specific

elution are detailed in Table 5.

In this thesis different protein purification protocols have been followed based on the
objective of the designed experiment. Adherent cells were used when doing small protein
purifications, but for larger volumes we worked with suspension cells. Both protocols are

described hereunder.
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RESIN ELUTION

StrepTactin Superflow — (IBA LifeSciences) 25 mM desthiobiotin (IBA LifeSciences)

Pierce Anti- DYKDDDDK (Flag) — (ThermoFisher) | 0.2 mg/mL Flag peptide (ThermoFisher)

CaptoL (Cytiva) LSB 4x and incubate 10 minutes at 65°C

Ni-NTA — (ThermoFisher) 0.3 M imidazole

Table 5. Resins used for protein purification. Three different resins were used: StrepTactin,
Flag and Niquel resins to purify proteins that incorporated the TwinStrep, Flag or Histidine
tags, respectively.

3.5.1 PROTEIN PURIFICATION IN ADHERENT CELLS

Material

- Transfected HEK293T cells in Petri dish
* Usually, one Petri dish is transfected per each working condition.

- Trypsin-EDTA 1x (Biological Industries)

- PBS 1x

- Detergent (see Section 3.3)

- Supplemented DMEM media

- Solubilization buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; 10% glycerol; 1%
detergent; Complete EDTA-free protease inhibitors (Roche) in milli-Q water.
* Use 2% of detergent for the purification with digitonin.
* Use 1 tablet of Complete EDTA-free protease inhibitors per 50 mL of buffer.

- Resin of choice (see Table 5)

- Plastic columns

- Rotating wheel

- Equilibration buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl in milli-Q water.

- Wash buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; 2 x CMC detergent in milli-Q
water.

- Elution buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; 2 x CMC detergent in milli-

Q water plus the elution method of choice depending on the resin (see Table 5)
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Protocol

N

2L

10.

11.

12.

13.
14.

Trypsinize cells with 1 mL of trypsin.

Once the cells are detached, stop de trypsinization with 1 mL of supplemented
DMEM media.

Centrifuge 1 minute at 850 x g and discard the supernatant.

Wash with 1 mL of PBS 1x.

Repeat steps 3 and 4.

Discard the supernatant and solubilize the pellet with 2 mL of the solubilisation
buffer.

Incubate 1 hour at 4°C in the rotating wheel.

* For the purification of TwinStrep-MLC1 with digitonin, incubate 2 hours at 2% of
detergent.

Centrifuge 1 hour at maximum speed of a benchtop centrifuge at 4°C.

* Collect 50 pL of sample before and after the centrifugation in order to obtain the
Total Protein and the Solubilization samples. For the Total Protein, centrifuge 5
minutes at maximum speed at 4°C before loading the WB.

Meanwhile, add 250 pL of StrepTactin-Superflow resin (considering 125 uL of
beads) into the plastic column. Wash the resin three times with milli-Q water and
one time with equilibration buffer leaving enough volume for the resin not to dry.
Once the centrifuge has finished, incubate the supernatant with the resin for 2
hours at 4°C in the rotating wheel.

After this time, put the column into a laboratory stand and collect the flowthrough.
* To ensure that the protein always remains at 4°C, working inside the cold room
is strongly recommended.

Wash three times with 250 pL of Washing buffer.

Elute five times with 250 uL of Elution buffer.

Store the samples at -80°C.

* For double purifications, once the elution is obtained, it is incubated with the
second resin and the same protocol is repeated from the step 10 onwards.

** For the CaptoL elution, after the sample is washed normally, LSB 4x is added
to the wash buffer and the sample is heated at 65°C at a dry bath for 10 minutes.

Then, it is recommended to centrifuge the sample to eliminate the resin.
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3.5.2 PROTEIN PURIFICATION IN SUSPENSION CELLS

Material

Membranes

Detergent (see Section 3.3)

Rotating wheel

Ultracentrifuge tubes and rotor

Ultracentrifuge

Solubilisation buffer: 100 mM Tris pH 8; 150 mM NaCl; 10% glycerol; 1%
detergent, Complete EDTA-free protease inhibitors in milli-Q water.

* Use 2% of detergent for the purification with digitonin.

* Use 1 tablet of Complete EDTA-free protease inhibitors per 50 mL of buffer.
Plastic columns

Resin of choice (see Table 5)

Equilibration buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water

Wash buffer: 100 mM Tris pH 8; 150 mM NaCl; detergent at 2 x CMC in milli-Q
water

Elution buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; 2 x CMC detergent in milli-
Q water plus the elution method of choice depending on the used resin (see Table
5)

Protocol
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1.
2.

Prepare the solubilization buffer.

Once the membrane sample is thawed, add the solubilization buffer and incubate
1 hour in the rotating wheel at 4°C.

* For the purification of TwinStrep-MLC1 with digitonin, incubate 2 hours at 2% of
detergent.

Ultracentrifuge samples at 200,000 x g for 1 hour at 4°C (Rotor 50.2Ti at 41,000
rpm or Rotor 70.1Ti at 55,000 rpm)

* Take 50 yL before and after the centrifugation if WB of the process is desired.
On the meantime, wash the resin three times with milli-Q water and one time with
equilibration buffer leaving enough buffer for the resin not to dry.

Once the ultracentrifuge has finished, incubate the supernatant with the resin for
2 hours in the rotating wheel at 4°C.

On the meantime, equilibrate the AKTA as described below (see Section 3.6.1)

Pour the sample with the resin into a plastic column. Collect the flowthrough.

8. Wash three times with 2 column volumes (CV) of wash buffer.
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9. Elute 7 times with 1 CV of elution buffer.
10. Quantify protein concentration in all elution fractions using the Nanodrop (A280),

mix the elution tubes that contain protein.

3.6 SIZE EXCLUSION CHROMATOGRAPHY

Size exclusion chromatography (SEC) is a technique that separates different
components based on their molecular size. A column filled with resin, that can be made
from different materials, is used and samples will go through it. Depending on its
composition, the resin will form different size of pores. The sample is injected into the
column and with the help of a flow rate, it will pass through the column. The biggest
molecules will not be able to enter between the resin particles, as a result, they will pass
in the column laterals and they will reach earlier the end of the column, where the UV

detector is placed. In contrast, small molecules will be able to enter between the different

resin pores and, accordingly, they will need more time to reach the end of the column
(Figure 31).

High
molecular
weight

Intermediate
molecular

nce

weight
Sample injection

Absorba

f I >
Equilibration 1cv Column volumes (CV)

Figure 31. Size exclusion chromatography. A. Schematic picture of a particle with an electron
microscopic zoom. Bigger molecules (in red) will not enter the pores of the resin and they will be
eluted first, whereas the smaller molecules (in yellow) will be more delayed. B. Schematic
chromatogram where high molecular weight molecules appear earlier than low molecular weight
particles. Adapted from Cytiva — Size Exclusion Chromatography — Principles and methods.
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Based on their composition, length and wide, a broad variety of columns exist. Changing
the material of the resin or its length can modify the separation of different molecular
weights. For this thesis, the following columns have been used: Superdex 200 Increase
10/300 GL, Superose 6 Increase 10/300 GL, and Superose 6 Increase 3.2/300 GL.

Superdex and Superose 6 resins present high reproducibility and low nonspecific
interactions. Both have the same high-flow agarose base matrix with an average patrticle
size of 8.6 um. However, their fractionation range varies resulting in different
chromatography profiles. Superdex 200 Increase resin consists of a base matrix made
of dextran and agarose. Its fractionation range allows separation of proteins from 10,000
to 600,000 Da. In contrast, Superose 6 Increase resin consists of cross-linked porous
agarose particles. It presents a fractionation range between 5,000 and 5,000,000 Da.
So, in comparison, Superose 6 Increase displays a better separation between largest
molecules than Superdex 200 Increase in which bigger molecules will appear in the void

volume.

Column length is also an essential consideration for the success of protein separation.
Columns 10/300 GL are larger and they are designed for high-resolution small-scale
preparative purification, and protein characterization. In opposition, 3.2/300 GL columns
are shorter and they are the first choice for rapid screening, protein characterization and

working with very small sample volumes.

3.6.1 AKTA PREPARATION

Before working with our samples and inject them into the HPLC machine, some

preparation is needed. The equipment is usually stored in 20% ethanol.
Material

- 20% ethanol

- Milli-Q water

- Equilibration buffer: 100 mM Tris pH 8; 150 mM NaCl; detergent at the double
CMC in milli-Q water

- Bottle-top vacuum filters, pore size 0.22 pym (Corning)

- 5 mL syringe
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Protocol (the day before)

1.

Wash the pumps with milli-Q water. To do so:
- Click on the system scheme Pump A -> Start pump A wash
Once it finishes, press stop.
Clean the loop with milli-Q water with the help of a syringe.
Connect the column into the system and wash with milli-Q water by running a low
flow that can be left overnight. To do so:
- System -> Execute Manual Instructions
= Set Precolumn Pressure at 2.5 MPa
= Set Timer -> Volume at 100 mL

=  Set Flow rate at 0.1 mL/min

Protocol (day of the experiment)

1.

Stop the flow set the previous day.
Prepare the equilibration buffer and filter it.
Repeat the cleaning process as described earlier for the pumps and the loop with
the equilibration buffer instead of milli-Q water
Equilibrate the column by running the sample protocol:

- File -> Run -> Protocol
Once the conductivity, the system pressure and the ultraviolet detector are stable,
the machine is ready to use. Prepare new collection tubes for each new run.
Run a protocol for each sample that is going to be injected as described in Section
3.6.2.
After finishing the experiment, clean the pump, the loop and the column with milli-

Q water as previously described. Run a low flow of milli-Q water O/N.

Protocol (the following day)

1.

2.

After finishing the experiment, clean the pump, the loop and the column in 20%
ethanol.

Store the column at RT.
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Figure 32. Control screen for the AKTA Pure 25M system.

3.6.2 SAMPLE INJECTION

Material

Column filters Amicon Ultra Centrifugal Filter Devices 100kDa (Millipore)
Equilibration buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl with milli-Q water
Column buffer: 100 mM Tris-HCI pH 8; 150 mM NaCl; detergent 2 x CMC with
milli-Q water

Spin-X centrifuge tube filters, pore size 0.22 ym (Corning)

- SEC column

- 20% ethanol

- Milli-Q water

Protocol

1. Equilibrate the filter column with equilibration buffer.
Put the sample into the column.
Concentrate samples centrifuging 5 minutes at 3,000 x g at 4°C. Repeat as many
times as necessary to obtain the desired volume to inject in the AKTA.
* The sample volume should be half the volume of the AKTA loop.

4. Quantify protein concentration in the Nanodrop.
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Filter the sample with Spin-X centrifuge tube filters by centrifuging 5 minutes at
3,000 x g at 4°C.
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6. Quantify protein concentration in the Nanodrop.

7. Inject the sample into AKTA.

3.7 WESTERN BLOT

Western blot (WB) is one of the most common techniques in molecular biology to detect
specific proteins from biological samples. It allows to gain knowledge about protein size
and biochemical properties such as expression levels, states of oligomerization or
phosphorylation. The technique is divided in three steps. Firstly, an SDS-PAGE
electrophoresis separates proteins based on their molecular weight. Next, proteins are
transferred from the gel onto a polyvinylidenedifluoride (PVDF) membrane. Lastly,

specific antibodies are used to detect specific epitopes of the protein.

3.7.1 ACRYLAMIDE GELS

Material

- Mini-Protean Tetra Cell Casting Stand and Clamps (Bio-Rad)
- 1.5 mm gel glasses

- 10-well or 15-well comb for 1.5 mm gels

- Acrylamide/Bis-acrylamide 40% (Bio-Rad)

- Running gel buffer: 1.5 M Tris-base pH 8.8; 0.1% SDS

- Stacking gel buffer: 0.5 M Tris-base pH 6.8; 0.1% SDS

- Ammonium persulfate (APS) 10% in distilled water

- TEMED

- Isopropanol

Protocol

1. Mount the glasses into the gel support, fill with water and check for leakages.

2. Prepare the running and stacking gels without APS and TEMED (volumes
detailed in Table 6).

3. Add APS and TEMED to the running gel, vortex the mix and pour it between the
glasses.

4. Pour a little bit of isopropanol on top of the gel.

5. Wait until it polymerizes.

Remove the isopropanol.
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7. Add APS and TEMED to the stacking gel, vortex, pour it and add the comb.

8. Wait until it polymerizes.

RUNNING GEL STACKING GEL
(2 x 1.5 mm gels) (2 x 1.5 mm gels)
7.5% 10% 12% 15% 4%

Acrylamide 38mL | 5mL 6 mL 7.5mL | Acrylamide 1mL

Running gel buffer | 5.2mL | 52mL | 52mL | 52mL | Stacking gel buffer | 2.5 mL

Water 11 mL 98mL |88mL |7.3mL | Water 6.5 mL

APS 200 uL | 200 uL | 200 pL | 200 L | APS 200 pL

TEMED 20l [20pL [ 20pL [ 20pL | TEMED 20 pL

Table 6. Acrylamide gels composition.

3.7.2 ELECTROPHORESIS

Material

- Mini-Protean Trans Blot system (Bio-Rad)

- Electrophoresis buffer 1x: prepared from 10 x diluted in distilled water.
10x: 250 mM Tris-base; 1.92 M glycine; 1% SDS in distilled water.
- Loading sample buffer (LSB) 4x: 0.4 M Tris-base pH 6.8; 80% glycerol; 8% SDS;

0.005% bromophenol blue

- 10% B-mercaptoethanol or 100 mM DTT

- Page Ruler protein ladder (Bio-Rad)

Protocol

1. Dilute LSB 4x with 3-mercaptoethanol or DTT into the protein samples.

2. Heat the samples.

At 56°C for 3 minutes when working with membrane proteins.

At 95°C for 5 minutes for cytosolic proteins or very stable membrane

proteins.

Cast the gels into the buffer tank and fill it with electrophoresis buffer 1x.

Remove the well comb, load the protein ladder in the first lane and load the

samples in the others.

5. Close the tank with the lid and connect it to the power supply.
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6. Set the voltage at 100 V for 10 minutes, once the samples have passed the

concentrator gel, set the voltage at 120 V until the desired level of protein

migration taking the protein ladder as a reference.

3.7.3 TRANSFERENCE

Material

- Trans-Blot Turbo Transfer System (Bio-Rad)

- Whatmann paper 3 mm

- Western blot roller (Bio-Rad)

- Immobilon-P 0.45 uM PVDF transfer membrane (Millipore)

- Anode Buffer (Tris-Base 0.3 M, methanol 20% in distilled water)

- Cathode Buffer (Aminocaproic acid 40 mM, methanol 20% in distilled water)
- Methanol

Protocol

1. Hydrate PVDF membranes with methanol in agitation for 3 minutes.

2. Assemble the blotting cassette:

a.

c.
d.

e.

Place 3 Whatmann papers previously soaked with Anode buffer to the
transfer tray.

Place on top the hydrated PVDF membrane previously soaked with
Anode buffer.

Place on top the acrylamide gel previously soaked with Cathode buffer.
Place on top 3 Whatmann papers previously soaked with Cathode buffer.

Press the transfer stack with a roller to remove air bubbles.

3. Set the cassette inside the Trans-Blot Turbo blotting instrument. Set the pre-

programmed standard protocol for 1 or 2 mini gels: 25V, 1 A, 30 minutes.
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3.7.4 IMMUNODETECTION

Material

Ponceau staining solution: 5% acetic acid; Ponceau S 0.1% in distilled water
TTBS 1x washing solution: TBS 1x; 0.1% Triton X-100 in distilled water
Blocking solution: 5% dry fat-free milk in TTBS 1x.

Primary antibodies

Secondary antibodies HRP-conjugated

ECL solution A: 1 M Tris-base pH 9; 0.2 mM coumaric acid; 250 mM luminol in
milli-Q water

ECL solution B: 30% H20- in milli-Q water

AI800 Imaging System (Amersham, GE)

Protocol
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1.

Stain transferred membranes with Ponceau solution to validate correct protein
transference.

Wash with TTBS 1x several times, until the membrane is no longer red.

* All washes are done in agitation.

Block membranes with blocking solution for 1 hour at RT.

Incubate the membranes with primary antibody diluted in blocking solution O/N
at4°C.

* Alternatively, 1 hour incubation can also be performed.

5. Wash membranes with TTBS 1x three times for 10 minutes.

Incubate the membranes with secondary antibody diluted 1/5,000 in blocking

solution 1 hour at RT.

7. Wash membranes with TTBS 1x three times for 10 minutes.

Incubate the membranes with a combination of ECL solutions (1 mL solution A +
25 pL solution B).
Develop signal using AI800 Imaging System.
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3.7.5 DATA ANALYSIS

The images acquired from WB show protein detection and expression levels, although it
is not fully quantitative. Using software data analysis (Imaged), this data can be
transformed into quantitative information. Intensity of bands can be measured and

compared across samples.
Material

- WB images acquired using AI800

- Imaged software

Protocol

Open the images in ImageJ.

Create a rectangular selection around the widest lane within our image.
Drag the selection to the first signal band from the membrane.

Go to Analyze -> Gels -> Select First Lane.

Move the selection to the following band.

Go to Analyze -> Gels -> Select Second Lane.

Repeat steps 5 and 6 for all bands.

© N O O bk wDd =

Go to Analyze -> Gels -> Plot Lanes.
9. Create a straight line closing the area under the peak for each graph.
10. Select the magical wand menu and click on each graph.

11. Copy data to the numerical data analysis software.

3.8 SILVER STAIN

Silver staining of SDS-polyacrylamide gel electrophoresis is used for detecting proteins
present in quantities of even nanograms. The principle of this technique is that selective
reduction of silver into metallic silver occurs at the initiation site in the close proximity of
protein molecules. The staininig process consists of protein fixation, sensitization,
washing, silver impregnation, and image development (Kumar, 2018). In Figure 33 an

example of silver stain gel is presented.
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Material

Acrylamide gel
Pierce Silver Stain Kit (ThermoFisher Scientific)
Ethanol

Acetic acid

Protocol
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N

I

Once the electrophoresis is finished, take the acrylamide gel out of the bucket.
Wash twice with milli-Q water for 5 minutes.

* All washes are done in agitation.

Fix gel twice with 30% ethanol + 10% acetic acid solution for 15 minutes.

Wash twice with 10% ethanol for 5 minutes.

Wash twice with milli-Q water for 5 minutes.

Prepare Sensitizer Working solution with 50 uL of Sensitizer in 25 mL of milli-Q
water.

Sensitize gel for 1 minute.

8. Wash twice with milli-Q water for 1 minute.

10.
11.

12.
13.
14.
15.

Prepare Stain Working Solution with 0.5 mL of enhancer in 25 mL of Stain
Solution.

Stain gel for 30 minutes.

Prepare Developer Working Solution with 0.5 mL of enhancer with 25 mL of
Developer Solution.

Wash gel twice with milli-Q water for 20 seconds.

Develop gel for 2-3 minutes or until bands appear.

Stop with 5% acetic acid for 10 minutes.

Scan the gel or take a picture.
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Figure 33. Example of a Silver Stain gel.
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3.9 AMPHIPOL RECONSTITUTION

Amphipols are short amphipathic polymers that can substitute detergents to keep integral
membrane proteins soluble in water (Tribet et al., 1996). Although they resemble
detergents, amphipols can stabilize membrane proteins more efficiently by interacting

firmly with the protein (Le Bon et al., 2018).

In this thesis, the work done with MLC1 reconstituted in amphipols had two different
objectives. On one hand, an attempt was made to reconstitute the membrane protein in
amphipols for the llama immunization to obtain nanobodies. On the other hand, MLC1

was reconstituted in amphipols for its posterior cryo-EM analysis.
Material

- A8-35 amphipols (Affymetrix Ltd)

- Purified protein

- Biobeads SM-2 adsorbents (Bio-Rad)

- Dialysis membrane 100 kDa (Fisher Scientific)

- Buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water

Protocol

Once the protein is purified, quantify its concentration using the Nanodrop.

Mix the purified protein with amphipols using a ratio 1:5 of protein: amphipols.
Incubate 30 minutes on ice.

Mix the sample with biobeads, considering 20 g of wet beads per g of detergent.
Incubate 1 hour at 4°C in mild agitation.

Rinse the dialysis membrane in milli-Q water.

N o g bk~ w0 Db~

Dialyze O/N at 4°C with a substantial volume of buffer.

3.10 PROTEOLIPOSOME RECONSTITUTION

Proteoliposomes mimic lipid membranes to which a protein has been incorporated.
Membrane proteins reconstitution into liposomes is a method of choice for the
investigation of membrane proteins because it allows both functional and structural
studies (Puvanendran et al., 2020). Although liposomes organize spontaneously in
aqueous solutions, they tend to form systems with many bilayers, called multilamellar.
For the obtention of unilamellar systems similar to cell membranes, a process of

sonication or extrusion needs to be performed (Ciancaglini et al., 2012).
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Material

Purified protein

E. coli total lipid extract (Avanti Polar Lipids)

Methanol

Chloroform

CHS

Buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water
10% Octylglucoside (Anatrace) in milli-Q water

Dialysis membrane 100 kDa (Fisher Scientific)

Thermal dry bath

Protocol

1.

a &~ 0N

Weigh the quantity of lipids needed for the experiment together with CHS.

* Ratio of 1:10 CHS: lipids.

Add 1 part of methanol and 3 parts of chloroform to the lipids.

Evaporate the liquid with N2 gas and let it dry for 2 hours at RT.

Resuspend the lipids with the buffer to a final concentration of 20 mg/mL.
Freeze the liposomes with liquid Nitrogen and thaw in a thermal dry bath at 26°C.
Do 10 cycles of freezing/thawing to obtain unilamellar liposomes.

Add 1% of octylglucoside to the liposomes and incubate 30 minutes at 4°C.

* Ratio of 1:50 protein: liposomes.

7. Add the purified protein to the liposomes and incubate 1 hour at 4°C.

Rinse the dialysis membrane in milli-Q water.

Dialyze the sample O/N in agitation at 4°C with enough volume of buffer.

3.11 SUCROSE GRADIENT

Sucrose gradient was carried out to validate the correct reconstitution of MLC1 into

liposomes. The density gradient is created by layering sucrose solutions of different

concentrations, creating a density gradient from the bottom to the top of the centrifuge

tube.

Material
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Sucrose
PBS 20 mM
Swinging rotor SW41 and tubes
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- Ultracentrifuge
- Buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water

Protocol

1. Prepare a sucrose gradient using serial dilutions of the following concentrations:
65%, 45%, 35%, 28%, 23%, 18%, 13%, 8% and 3%

2. Gently, place the different concentrations into an ultracentrifuge tube starting with
the 65%.

3. Mix 150 uL of 3% sucrose with 150 pL of the protein sample and place it on top
of the gradient.

4. Centrifuge at 150,000 x g for 19 hours at 15°C with minimal acceleration and
deceleration.

5. Resuspend the pellet with buffer, make aliquots and freeze in liquid nitrogen

before storing them at -80°C.

3.12 NANOBODY OBTENTION

Nanobodies are functional, homodimeric heavy chain-only antibodies that are naturally
produced by the immune system of Camelidae. Their stability, small size and easiness
to produce have convert them into a powerful tool for multiple applications, including

solving protein structures (Jin et al., 2023).

Through the immunization of a llama with our purified protein MLC1 in liposomes, the
posterior isolation of PBLs, RNA extraction and synthesis of cDNA an immune library
was generated which was cloned in phage display vector pMESy4. With these vectors,
different rounds of phage display were performed to enrich those nanobodies that were
specifically binding our target protein. The whole nanobody obtention process is

summarized in Figure 34.

This work was performed at the Workshop Nanobody4Instruct Training Course funded
by Instruct-ERIC that took place at VIB-VUB Centre for Structural Biology in Brussels in
January 2023.
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Figure 34. Schematic representation of nanobodies obtention. Adapted from (Minatel et
al., 2023).

3.12.1 SELECTION BY PHAGE DISPLAY

Phage display is a method created by G. Smith for presenting polypeptides on the
surface of bacteriophages (Smith, 1985). It allows for the creation of antibody libraries
containing a great number of phage particles, from which each one encodes and displays
a different molecule. This technique is used to study protein interactions with other

proteins, peptides, or DNA (Bazan et al., 2012).

The principle of phage display sits on the insertion of a gene encoding a protein of
interest into a phage coat protein gene, which causes the phage to display the protein
on its capsid. Then, phages with the displayed proteins are screened against other
molecules to analyse its interaction. The mostly used bacteriophage is M13 and, usually,
antibodies and peptides are cloned into GllI gene, which codifies for the coat protein plll

(Jaroszewicz et al., 2022).

Two elements are typically used in phage display system: the phagemid vector and a
helper phage. The first one contains the gene encoding the protein of interest next to
Glll, an antibiotic marker for selection and the phage origin of replication. On the other
hand, the helper phage contains the complete M13 genome with all the proteins needed

for infection, replication, and assembly (Ledsgaard et al., 2018).
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Once the library is created, the antigen is presented to the phage library together with
the helper phage. Antigen presentation can occur in different forms, such as coating the
antigen directly, coating with a capture element (i.e antibody anti-Twinstrep tag or
antibody against the target protein) or using beads with a capture system (i.e StrepTactin
beads). After the binding, different washes are done to remove non-binding phages and
the ones binding are eluted. Then, the eluted phages are amplified so to start a new
round of phage display. Each round of phage display panning ends with several eluted
infective recombinant phages. When the amount of eluted phage is at least 100-fold
higher than the eluted from the negative control, it is recommended to screen individual
clones. Contrary, when the enrichment factor is below 100, another selection round is
advised. Typically, one or two rounds of panning are sufficient to enrich for target-specific
nanobodies (Pardon et al., 2014). In order to monitor progress, titration of phage outputs

is performed. In Figure 35, a phage display scheme is displayed.
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Figure 35. Phage display panning cycle. The process involves several steps. First, the
ligand of interest is immobilized into a solid support, to which the phage library is added. After
washing, the remaining bound phages are eluted and amplified. Each round of panning cycle
increases the proportion of specific binding clones within the phage display library.
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3.12.2 RESCUE AND AMPLIFICATION OF PHAGE FROM IMMUNE LIBRARIES

Before each round of panning, phage particles displaying nanobodies are rescued and

amplified by adding helper phage. Once they are grown, they are put into contact with

TG1 cells for phages to infect them. After an O/N incubation, the phage is isolated and

is ready to be used for panning. For an estimation of the number of infective recombinant

phage, a titration is done by preparing serial tenfold dilutions in culture plate that is grown

O/N and colonies are counted the following day.

3.12.2.1 LIBRARY RESCUE

Material

2xTY

100 mg/mL ampicillin
25 mg/mL kanamycin
20% glucose

VSCM13 helper phage

Protocol

1.

2

Inoculate your library into 45 mL of 2xTY plus 50 pL 100 mg/mL ampicillin and 5
mL of 20% glucose.

Grow at 37°C at 150 rpm until ODggo is 0.5-0.6.

Take 10 mL of culture and add 2.5-10"° pfu VSCM13, mix manually.

Incubate 30 minutes at room temperature without shaking.

Centrifuge 10 minutes at 2,000 rpm, remove the supernatant.

Resuspend the pellet in 60 mL 2xTY plus 60 pL 100 mg/mL ampicillin and 60 pL
25 mg/mL kanamycin.

Incubate O/N at 37°C at 180 rpm.

3.12.2.2 PREPARATION OF PHAGE PARTICLES

Material
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2xTY
PEG 6000
5 M NaCl
TG1 cells
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Protocol

1. Inoculate TG1 cells in 2xTY, grow at 37°C at 200 rpm.

2. Centrifuge the O/N grown culture 30 minutes at 4,000 rpm at 4°C.

3. Transfer 40- 42 mL of supernatant into a new falcon tube.

4. Mix 10 mL of 20% PEG6000/ 2.5 M NaCl with the supernatant.

5. Mix well by inverting the tube and keep on ice for at least 30 minutes.

6. Centrifuge 4,000 rpm for 30 minutes at 4°C.

7. Remove supernatant, dry pellet by keeping the tubes upside down on tissue
paper.

8. Resuspend the pellet with 1 mL PBS.

9. Centrifuge the tube with phage 5 minutes at 14,000 rpm.

10. Transfer 1 mL supernatant in a new tube.

11. Precipitate again adding 250 uL of cold PEG/NaCl to the 1 mL phage, mix and
put 10-15 minutes on ice.

12. Centrifuge the tube 15 minutes at 14,000 rpm, discard the supernatant and
dissolve the pelletin 1 mL PBS.

13. Centrifuge 5 minutes at 14,000 rpm and transfer the supernatant to a new
Eppendorf tube.

14. Store the input phage at 4°C.

15. Check ODggo of TG1 cells and put them on ice when it reaches 0.6.

3.12.2.3 INPUT PHAGE TITRATION

Material

Grown TG1 cells

Input phage

LB plates 100 mg/mL ampicillin and 2% glucose
PBS

Protocol

1.

Make serial dilutions of input phage (10 yL phage in 90 yL PBS), typically the
dilutions used go from 10" to 10°°.

Add 10 pL of phage dilutions to 90 uL of exponentially growing TG1 cells with
ODeoo of 0.6 only on dilutions: 102, 10, 10, 108, 10° and 10°.

Infect for 30 minutes at 37°C without shaking.
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Plate 4 pL of the infected cells on LB plates containing 100 mg/mL ampicillin and
2% glucose.
Grow O/N at 37°C.

Next day, calculate the number of input phages using the following formula:

# of colonies - 10 - 250 - dilution factor

3.12.3 PHAGE SELECTION

Different antigen presentation methods were performed for the phage selection. In

general, once the antigen is coated to an ELISA plate or bind to magnetic beads, the

phage library is added and incubated with the sample. Then, they are trypsinized and

they infect previously grown TG1 cells. After the incubation, a phage titration is done

where serial dilutions are plated in a culture plate that is grown O/N. The following day,

colonies are counted and the enrichment from the phage library is calculated.

3.12.3.1 SELECTION VIAANTIGEN COATING

Material

Coating buffer: 0.1 M NaHCOs3 pH 8,2

Antigen (MLC1 reconstituted in liposomes)

Sample buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water
4% milk in sample buffer

PBS

Trypsin

AEBSF protease inhibitor

Protocol
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1.

Coat the wells with 100 pL coating buffer and add 2 ug per well of antigen and
incubate O/N at 4°C.

Wash 5 times with sample buffer.

Prepare 4% milk in sample buffer, centrifuge 5 minutes at 4,000 rpm and use the
supernatant for the blocking.

Block with 200 uL of milk and incubate 2 hours at RT.

5. Wash 5 times with sample buffer.
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7.
8.
9.

Prepare the mixture of 10 pL of phage input with 1% milk in sample buffer (at
least 10 minutes before its use).

Add 100 pL of the mixture per well and incubate 2 hours at room temperature.
Wash 15 times with sample buffer.

Elute with 100 pL of trypsin 250 ug/mL diluted in PBS.

10. Incubate 30 minutes at RT.
11. Transfer the volume into Eppendorf tubes containing 6.25 uL of AEBSF.

3.12.3.2 SELECTION VIA TWINSTREP COATING

Material

Coating buffer: 0.1 M NaHCOs3 pH 8.2

Anti-TwinStrep Tag (anti-TST)

Sample buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water
4% milk in sample buffer

PBS

Trypsin

AEBSF protease inhibitor

Protocol

1.

Coat the wells with 100 pL coating buffer and add 1 pg per well of anti-TST and
incubate O/N at 4°C.

2. Wash 5 times with sample buffer.

3. Add 100 uL of capturing antigen at a concentration of 0.7 ug/mL diluted in sample

buffer.

Incubate 1 hour at RT. Meanwhile prepare 4% milk in sample buffer, centrifuge 5
minutes at 4,000 rpm and use the supernatant for the blocking.

Block with 200 uL of milk and incubate 2 hours at RT.

6. Wash 5 times with sample buffer.

8.
9.

Prepare the mixture of 10 uL of phage input with 1% milk in sample buffer.
* Prepare the mix at least 10 minutes before its use.
Add 100 pL of the mixture per well and incubate 2 hours at room temperature.

Wash 15 times with sample buffer.

10. Elute with 100 uL of trypsin 250 ug/mL diluted in PBS.
11. Incubate 30 minutes at RT.

12. Transfer the volume into Eppendorf tubes containing 6.25 puL of AEBSF.
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3.12.3.3 SELECTION VIA STREPTACTIN BEADS

Material

- StrepTactin XT MagStrep type 3 XT beads (IBA LifeSciences)
- Sample buffer: 100 mM Tris pH 8; 150 mM NaCl in milli-Q water
- Magnetic support

- 4% milk in Sample buffer

- PBS

- Trypsin

- AEBSF protease inhibitor

- KingFisher Flex instrument (ThermoFisher)

Protocol

All plates must be prepared manually; the KingFisher instrument will transfer the

magnetic beads in the plates by a defined program.

1. Prepare beads

a.

Put the tubes containing the beads on the magnetic support and remove
the storing buffer with a pipette.

Remove the tubes from the magnetic support and add 100 pL of sample
buffer.

Resuspend the beads, place the beads on the magnet and remove the
buffer.

Repeat steps b and c for a second wash.

Resuspend beads in 40 uL of sample buffer and pipette 20 yL to each

well in the plate.

2. Add 0.8 ug of antigen per well in sample buffer up to 100 pL.

Incubate the plate 1 hour shaking at RT.

B

Prepare 4% milk in sample buffer, centrifuge 5 minutes at 4,000 rpm and use the

supernatant for the blocking.

S © ©® N o O
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Block with 4% milk for 45 minutes

Wash once with 500 uL of sample buffer.

Add 100 pL of the phage library and incubate for 84 minutes.

Wash 8 times with 500 pL of sample buffer.

Elute with 250 pg/mL of trypsin in PBS at a finale volume of 100 pL.

0. Transfer the volume into Eppendorf tubes containing 6.25 uL of AEBSF.
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3.12.4 OUTPUT PHAGE TITRATION

Material

- TG1 cells exponentially grown

- LB plates 100 mg/mL ampicillin and 2% glucose

Protocol

1. Prepare serial dilutions in a 96-well culture plate (10 uL output phage in 90 L
PBS), typically the dilutions used go from 10° to 10°°.

Add 10 pL of phage dilutions to 90 uL of exponentially growing TG1 ODsgo 0.5.
Infect for 30 minutes at 37°C without shaking.

Plate 4 uL drops in duplicate on LB plates containing ampicillin and glucose.
Grow O/N at 37°C.

Calculate the number of total output phage using the following formula:

o gk wDd

# of colonies - 10 - 250 - dilution factor

3.12.5 PREPARATION MASTERPLATE

After panning, 96 individual clones from distinct selection outputs are picked and the

nanobodies are expressed in the E. coli periplasm.
Material

- Output phage selection
- LB plates 100 mg/mL ampicillin and 2% glucose
- 2xTY 100 mg/mL ampicillin, 2% glucose and 10% glycerol

Protocol

1. Grow separate colonies containing Nb
2. Plate out 40 pL of output phage on LB plates containing ampicillin and glucose.
3. Grow O/N at 37°C.
4. Pick 92 single colonies and inoculate them into 500 pyL of 2xTY 100 mg/mL
ampicillin, 2% glucose and 10% glycerol.
Grow O/N at 37°C with shaking at 250 rpm.

Store at -80°C for long term storage.
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Expression of Nb in deep-well plate from fresh grown Masterplate:
Material

- 2xTY 100 mg/mL ampicillin; 0.1% glucose
- 10mMIPTG
- 2XTY

Protocol

1. Take 10 pL of O/N grown masterplate and grow in deep-well plate containing 1
mL of 2xTY 100 mg/mL ampicillin and 0.1% glucose.

Cover plate with gas permeable adhesive seal.

Grow at 37°C with 250 rpm shaking until ODego is 0.5.

Add 100 pL of a 10 mM IPTG solution in 2xTY to the masterplate.

Induce and shake for 4 hours at 37°C with 250 rpm shaking.

Pellet cells at 4,000 rpm for 10 minutes.

Discard SN and freeze pellet at -20°C.

N o gk weDd

* If expression of Nb is needed from a masterplate stored at -80°C, clones need to grow

O/N in a round bottom plate, and proceed as follows:

a. Make a fresh preculture in 100 pL of 2xTY 100 mg/mL ampicillin and 2%
glucose.

b. Inoculate 5 pyL from the stored plate in the 100 uL of preculture.

c. Take 10 uL of O/N grown masterplate and grow in deepwell plate containing
1 mL of 2xTY 100 mg/mL ampicillin and 0.1% glucose.

d. Continue as above.

3.12.6 PRODUCTION OF PERIPLASMIC EXTRACTS OF MASTERPLATE

Material

- Masterplate
- Buffer 100 mM Tris pH 8; 150 mM NaCl in milli-Q water

Protocol

1. Thaw deep well plates.
2. Add 100 pL SB to the plates and shake for 30 minutes.
3. Spin at 4,000 rpm for 10 minutes at 4°C and recover 90 uL of supernatant.

160



METHODOLOGY

2.12.7 SCREENING ELISA

Material

Coating buffer 0.1 M NaHCO3

Wash buffer 100 mM Tris pH 8; 150 mM NaCl

Dry milk

Capture select C-tag (Life Technologies)
Anti-Streptavidin alkaline phosphatase (Promega)
DNPP (Sigma)

Periplasmic extracts

ELISA plates

Protocol

o > wbh -
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Coat the plates with 0.1 pg/well of antigen in coating buffer. Incubate O/N at 4°C.
Wash five times with Wash buffer.

Block the wells with 4% milk in wash buffer for 1 hour at RT.

Wash five times with Wash buffer.

Add the periplasm extracts to the ELISA plate considering 20 uL/well at 0.4% milk
in Wash buffer. Incubate for 1 hour at RT.

Wash five times with Wash buffer.

7. Add the mix of Capture Select and strep-AP to the wells. Incubate for 1 hour at

RT.

8. Wash five times with Wash buffer.
9. Add 100uL/well of DNPP substrate and incubate for 30 minutes at RT or longer

if needed.

10. Read the plate at 405 nm.

3.12.8 KPCR

Material

Diluted cells
Buffer 10x

Primer M57 10 uM
dNTP mix

Kapa Taq

Milli-Q water
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Protocol

1. Prepare the master mix of all components:

- Polymerase Buffer 10x 2.5 uL

- dNTPs 10 mM 0.5uL

- Kapa tag polymerase 0.125 yL

- Primer MP57 10 pM 0.5 L

- Primer GIlI 10 uM 0.5 L

- Template DNA 100 ng/uL 1-3 uL

- Milli-Q water X L
Final Volume 20 uL

2. Add 5 L of diluted cell suspension.

3. Place the tubes in the thermocycler and set the PCR protocol with the following

conditions:
Initiation 2 minutes at 95°C
Denaturation 30 seconds at 94°C
Annealing 30 seconds at 55°C 28 cycles
Extension 45 seconds at 72°C
Ending 7 minutes at 72°C
Storage 4°C

3.12.9 PCR CLEANUP

Material

- PCR product

- Exonuclease | (ThermoScientific)
- FastAP (ThermoScientific)

- Milli-Q water

Protocol

1. Mix 0.2 pL of Exonuclease | with 0.4 uL of FastAP in 13.4 pL of milli-Q water.
2. Add 1 uL of PCR product to the mix.
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3. Put the samples into the thermocycler:
15 minutes at 37°C
15 minutes at 80°C
Store at 4°C

2.12.10 SEQUENCING

Material

- PCR cleanup product
- Primer MP57 10 uM

Protocol

1. Add 2 pL of 10 uM MP57 primer to the 15 pL of cleanup product.

2. Samples were shipped for sequencing.

3.12.11 ALIGNMENT

Once the sequences were obtained, they were aligned using the program CLC Main
Workbench 21. Since the nanobody epitope is usually defined by the CDIII, sequences
were aligned based on this region. Based on these sequences, families were defined. A

family is determined by more than 80% amino acid identity between the members.

3.13 NANOBODIES EXPRESSION

The most conventional method for producing nanobodies is to promote their secretion in
the E.coli periplasm. To obtain high yields, it is recommended to express the Nanobody
in the original display vector pMESy4 (GenBank KF415192) in the periplasm of E. coli
strain WK6. The oxidizing conditions of the periplasm favour the formation of the disulfide
bonds that stabilize the nanobody structure. With this aim, nanobodies are cloned behind
a presignal (PelB signal sequence) that directs them to the periplasmic space. They also
carry a His6-tail (and EPEA-tag) at the C-terminus. A map of the vector pMESy4 is shown
in Figure 36.
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rep (pMB1)

fd genelll

pMESy4
4513 bp

Figure 36. pMESy4 vector scheme. The vector contains a pelB signal after which
nanobodies are cloned. Next to the nanobody, a His-tag is present and after the Glll gene is
found which codifies for the coat protein plll.

Material

- LB (autoclaved)

- Ampicillin 1,000x

- Glucose 20% (filtered)

- MgClz 2 M (autoclaved)

- IPTG 1 M (filtered)

- TB (autoclaved)
For 1L: 2.3 g KH2POy4; 16.4 g KoHPO4-3H20; 12 g Tryptone; 24 g Yeast
extract; 4 mL Glycerol 100%.

Protocol

1. Transform WK6 (Su-) cells with plasmid DNA and grow O/N at 37°C on LB
ampicillin agar plates with 2% of glucose.
* Alternatively, streak out a clone from a glycerol stock and grow O/N in the same
conditions.

2. Inoculate a colony in 20 mL LB; 20 pyL ampicillin 1,000 x; 2 mL glucose 20% and
10 yL MgCl; 2 M.

3. Shake ON at 37°C, 190 rpm.
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3.14 NANOBODIES PURIFICATION

Material

Protocol

1.
2
3.
4
5

o

TES buffer

0.2 M Tris pH 8; 0.5 mM EDTA; 0.5 M sucrose

TES/4 buffer

TES 4 times diluted in H2O

Ni/NTA agarose resin

Phosphate buffer 1

50 mM Na phosphate; 1 M NaCl pH 7

For 1 L: 2.6 g NaH2PO4-H>0; 5.4 g Na;HPO4; 58 g NaCl.
Phosphate buffer 2

50 mM Na phosphate; 1 M NaCl pH 6

For 1 L: 6 g NaH2PO4-H-0; 1.1 g Na-HPO4; 58 g NaCl.
Elution buffer

150 mM NaCl with 0.3 M imidazole pH 7

Grow 3 mL of O/N culture in a 1L flask containing 330 mL TB; 330 uL ampicillin
1,000 x g; 1.5 mL glucose 20% and 330 pyL MgCl, 2 M.
Shake at 37°C, 190 rpm until the ODeoo reaches 0.7 — 1.2.
Induce the nanobody expression with 330 pL of IPTG 1 M.
Shake 4 hours at 37°C, 190 rpm.

Alternatively, shake O/N at 28°C, 190 rpm.

For 1 L: 2.6 g NaH2PO4-H20; 5.4 g Na;HPOy4; 8.7 g NaCl and 20.4 g CsHsNa.

Desalting columns (Cytiva)

Measure the ODego (it should be around 25).
Centrifuge the cultures at 7,000 rpm for 10 minutes.
Discard the supernatant.

. Add 5 mL of TES per flask, resuspend cells.

stirrer.
Add 10 mL TES/4 and shake for at least 45 minutes at 4°C.
Centrifuge at 8,000 rpm for 30 minutes at 4°C.

Shake for at least 1 hour at 4°C (it can be left O/N) or resuspend with a magnetic
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11.
12.
13.

14.

15.

16.
17.

18.

19.

20.
21.

Keep the supernatant.

* A second osmotic shock can be performed by resuspending the pellet O/N in
TES and next day, TES/4 is added. This osmotic shock might yield as much as
before but more contaminants will come with it.

Use 200 pL of Ni/NTA beads. Spin shortly, remove supernatant and resuspend
the beads in 300 uL of phosphate buffer 1.

Put the beads on a 50 mL falcon tube and equilibrate with 10 mL phosphate buffer
Leave for 10 minutes.

Centrifuge at 2,000 rpm for 5 minutes and discard the supernatant.

Add the periplasmic fraction to Ni/NTA beads and rotate for 1 hour at room
temperature.

Bring the solution over in an empty column (take a sample of flowthrough).
Wash with 3 mL phosphate buffer 1.

Wash with 10 mL phosphate buffer 2 (take a sample of flowthrough).

Elute with elution buffer.

Alternatively, elute with 2-4 mL of acetate buffer 50 mM NaAc; 1 M NaCl at pH
4.5-4.7 in a 15mL falcon tube already containing 1 M Tris pH 7.5.

* Some nanobodies do not like low pH elution, and imidazole elution is preferred.
Measure OD2go of the elution.

* At this point, nanobodies can be stored O/N at 4°C. Do not store at -20°C with
imidazole.

Pass the eluted sample into a desalting column previously equilibrated to
eliminate imidazole.

Elute with phosphate buffer 1.

Measure OD2go of the eluted nanobodies. Store at -80°C for long term storage.
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3.15 BIACORE

Surface Plasmon Resonance (SPR) was performed at the Biomolecular analysis unit of
Centres Cientifics i Tecnoldgics de la Universitat de Barcelona (CCIT-UB) using
Biacore™ T-100 device. All the obtained nanobodies against MLC1 were analysed. SPR
generates a full kinetic profile that allows the obtention of different constants related to
binding: the equilibrium constant (Kp), and the constants of association and dissociation
(Kon and Ko, respectively). It also permits to elucidate the maximum response (Rmax) that

reflects the amount of Nb that the immobilized protein is binding to.

SPR was carried out on Biacore T-100 immobilizing MLC1 purified in digitonin until
reaching 600 resonance units (RU) on a CM5 Sensor Chip. Nanobodies were assayed
at 3- 0.19 pM in running buffer containing 100 mM Tris pH 8, 150 mM NaCl and 0.005%

digitonin.
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4. METHODOLOGICAL ANNEX

TABLE OF ANTIBODIES

ANTIBODY SPECIES

Anti-N4 Rabbit
Anti-flag M2 Mouse monoclonal (Sigma-Aldrich)
Anti-Gprc5b Rabbit

Anti-His Mouse (Invitrogen)

Table 7. Antibodies used during this thesis.

TABLE OF PRIMERS

NAME SEQUENCE SENSE
GGG GACAAC TTT GTATAC AAAAGT TGT GGA CTG CAA GAAAAA GAA
attB5 MLC1 Split2 | 555 GTC CAT GTC TGA CAG C Rv
AtB2 MLC1 Spiit1_| OO0 GAC CAC TTT GTA CAA GAA AGC TGG GTA TTA CTC CTC GCT| g,
GGA CCG TGC AGC GAT GAT CAC CGT GGC CGC
B5R MLC1 Soiit 1 | GGG GAC AAC TTT TGT ATA CAAAGT TGT CTC CTC GCT GGA CCG |
Plit1 | T6C AGC GAT GAT CAC CGT GGC CGC
BT MLCT Soit2 | GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT AAC CAT GGA CTG| ..
P CAA GAA AAA GAA GGG CTC CAT GTC TGA CAG C
allB1 TwinStrep | GGG GAC AAG TTT GTA CAA AAA AGC AGG CTT AAC CAT GGC TAG |
MLC1 CTG GAG CCA CCC GCA GTT CGA GAAAGG TGG
MLC1-BRIL GAG GAG GAC TGC AAG AAA AAG GCC GCT GAT CTT GAA GAC AAT |
TGG GAAACC CTC ACC
GAC GAA GTG CCA TTT CCT GCT CGG GTC CTG AAA TCT TAC TCA
MLC1 loop GTC Fw
LC1BRIL CCG AGC AGG AAA TGG CAC TTC GTC GAG ATA CTT CTG GAT ATA|
GGC GTT GCG GGT CGT TTT CAG
MLC1 loop CTTTTT CTT GCA GTC CTC CTC GCT GGA CCG TGC AGC Rv
G GAT GAC TCA GTT TCA GGC CCA GCC CTC TCA GTG ACG TTC TTT
MLC1 H227A  |TGG Fw
LCT H227A g_l(_:éCAAA GAA CGT CAC TGA GAG CCG TGG GCC TGAAAC TGAGTC |
e H2aTR _I(_;G%AT GAC TCA GTT TCA GGC CCA CGG CTC TCA GTGACG TTC TTT|
LC1 227 | CCAAAA GAA CGT CAC TGA GAG CCG TGG GCC TGAAAC TGAGTC |
ATC C
MLC1 W334A | C CTC TCA GTG ACG TTC TTT GCC ATC CTA GTG GCC TGC Fw
MLC1W334A | GCA GGC CAC TAG GAT CCG AAA GAA CGT GAC TGA GAG G Rv

Table 8. Primers designed during this thesis.
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TABLE OF DNA CONSTRUCTS GENERATED

ENTRIES
TwinStrep-hMLC1 P1P2 hMLC1 Split 1 P1P2
TwinStrep-hMLC1 P1P5R hMLC1 Split 1 P1P5R
TwinStrep-hMLC1-BRIL P1P2 hMLC1 G88V Split 1 P1P5R
hMLC1 H227A P1P2 hMLC1 P92S Split 1 P1P5R
hMLC1 H227R P1P2 hMLC1 Split 2 P1P2
hMLC1 W234A P1P2 hMLC1 Split 2 P5P2

Table 9. Entries generated during this thesis.

EXPRESSION CLONES

TwinStrep-hMLC1 pcDNA3 GlialCAM SmallBiT pcDNA3
TwinStrep-hMLC1-BRIL pcDNA3 Gprc5b SmallBiT pcDNA3
TwinStrep-hMLC1-VFP pcDNA3 Gprc5b LargeBiT pcDNA3

hMLC1 H227A pcDNA3 Gprc5b 1176dup SmallBiT pcDNA3
hMLC1 H227R pcDNA3 Gprc5b 1176dup LargeBiT pcDNA3
hMLC1 W234A pcDNA3 Gprc5b A177dup SmallBiT pcDNA3
hMLC1 Split 1 pcDNA3 Gprc5b A177dup LargeBiT pcDNA3

hMLC1 Split 1 LargeBiT pcDNA3
hMLC1 G88V Split 1 LargeBiT pcDNA3
hMLC1 P92S Split 1 LargeBiT pcDNA3
hMLC1 Split 2 pcDNA3
hMLC1 Split 2 SmallBiT pcDNA3

Table 10. Expression constructs generated during this thesis.
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1. CHARACTERIZATION OF AN MLC PATIENT CARRYING TWO
MLC1 VARIANTS SHOWING RADIOLOGICAL IMPROVEMENT
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As previously described in the Introduction, MLC can be subclassified into two
phenotypes: classic and remitting. Classic MLC is caused by recessive variants in MLC1
gene or recessive variants in GLIALCAM gene. In contrast, remitting MLC is caused by
dominant variants in GLIALCAM gene. Even though in all MLC cases patients develop
neurological signs in the first years of age, neurological deterioration does not occur in
remitting MLC patients. This group of patients might show initially MRI abnormalities
resembling classic MLC, but these alterations improve or normalize with time.
Interestingly, two patients with mutations in MLC1 presenting radiological improvement

have been identified, although further characterization is needed (Hamilton et al., 2018).

In this work, we have identified and characterized a novel MLC1 patient that shows a
remitting phenotype. For its characterization, we have performed genetic and

biochemical studies.

1.1 CASE REPORT

At the time of the study, the patient was an eleven-year-old boy who had evident
macrocephaly since the first month of life, being in the percentile >98. Due to a history

of macrocephaly present in the father, he was diagnosed with familial macrocephaly.

At 13 months old, he presented a mild simple motor delay along with a delay in cognitive
development. The MRI scan showed diffuse signal abnormality and swelling of the
cerebral white matter (Figure 37A). An abnormal signal in the posterior limb of the internal
capsule was noticed (Figure 37A) as well as minor abnormalities in the cerebellar white
matter. At 3 years old, a second MRI was performed where it could be observed a slightly
reduction of the swelling. Cystic lesions were found on both temporal lobes, being more
visible on the left (Figure 37B), but not on other locations of the brain. Later, at 9 years

old, the MRI imaging showed a much more reduced swelling.

Until this study, the patient has never had any epileptic seizures, although it is a common
symptomatology of MLC as more than 60% of the published cases presented episodes
of epileptic seizures (Yalginkaya et al., 2003). The patient attends school and follows his
education at the same pace as children his age. Regarding his motor level, he is capable

of running, jumping, riding a bicycle, and going up and down stairs without difficulty.

175



CHAPTER 1

Figure 37. MRI findings in a MLC patient carrying two MLC1 variants. MRI scans done at
age 1, 3, and 9 years of age. A. T2-weighted axial images of the hemispheres show diffuse
white matter abnormalities that improve with time. Marked with an arrow, signal abnormalities
observed in the posterior limb of the capsule at age 1 and 3 years are indicated. At 9 years of
age, this signal abnormality is reduced. B. FLAIR sequences showing the evolution of
temporal cysts at different ages. Arrows mark the cysts.

1.2 MOLECULAR STUDIES

Regarding the molecular MLC1 variants, it was determined that both parents carry two
different variants of the gene. The father carried the ¢.597+37C>G variant, which created
a splice acceptor in intron 7. This variant was recently identified in another MLC patient
and it was demonstrated that results into the creation of two novel mRNA isoforms
(Schluter et al., 2022).

The mother carried the ¢.895-1G>T (p.Pro299_Glu353del) variant that also affected
splicing. It altered the splice acceptor site of exon 11, which caused a large deletion in
the protein sequence and resulted in a shorter RNA sequence (Figure 38). Surprisingly,
the father also presented this shorter mMRNA sequence, but with lower intensity. In healthy
controls this isoform lacking exon 11 was also found, correlating with the presence of the
benign polymorphism ¢.1059+16G>A (Mancini et al., 2012). However, a variant affecting
the same nucleotide ¢.895-1G>C was described in an MLC patient (Patrono et al., 2003).

In conclusion, these two variants were pathogenic by affecting splicing.
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Figure 38. WT MLC1 mRNA detected in patient and father samples. A. Scheme of the
strategy followed with the primers used to detect and quantify the WT allele and to confirm
exon 11 skipping. cDNA amplification of the PCR products originated with the designed
primers (regions R1, R2 and R3). F: father, P: patient, C-: negative control. B. Sequence of
the two fragments obtained when amplifying exon 10 and 12, confirming the skipping of exon
11 in the shorter fragment.
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The improvement observed by MRI together with the improvement at the clinical
exploration could be explained by an incomplete penetrance of the splicing variant, which
may lead to the expression of some WT MLC1 protein. To test this hypothesis, peripheral
blood lymphocytes (PBLs) were isolated from blood samples of both the patient and his
father and cDNA was obtained. MLC7 mRNA was reported to be expressed in PBLs
(Nomura et al., 1994). The level of WT transcripts was quantified. For this, a set of
primers were designed. A primer pair covered the cDNA sequence from the end of exon
10 and beginning of exon 11 (Figure 38). Since the other MLC1 allele from the patient
contains a variant that induces the skipping of exon 11, the amplification of this sequence
assured the specificity for the WT transcript avoiding the interference from the mRNA
generated by the allele with the ¢.895-1G>T variant. To normalize the expression of the
WT transcript, a common region of all transcripts (the end of exon 4 and beginning of

exon 5) was amplified as well (Figure 38A).

Then, PCR results were quantified. It was observed that the percentage of WT MLC1
transcripts in the patient was 25%, while the father was 66%, relative to each control
MLC1 gene region (Figure 39A).

To verify that the presence of WT MLC1 transcript resulted in the presence of MLCA1
protein, a solubilized extract from PBLs was obtained from both the patient and his father.
Anti-human MLC1 antibodies were used to detect MLC1 protein via Western blot
analysis. A band around 30 kDa, corresponding to MLC1 WT protein, was detected in
the patient, which was around 10% of the protein detected in the father (Figure 39B).
The deletion of p.Pro299 Glu353del might result in an unstable protein that will be

degraded by the proteasome system.

In conclusion, we demonstrated that the patient expresses a small amount of MLC1 WT,
which might explain its remitting phenotype. We suggest that this patient, together with
the other two already described, might belong to a new classification of MLC named

MLC1B, in which patients carrying MLC1 variants display a remitting phenotype.
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Figure 39. Detection of WT MLC7 mRNA and protein in PBLs from patient and his father.
A. Quantitative real time PCR data indicating the presence (at a reduced level) of WT MLC1
transcript in the patient. T-test *p < 0.05 vs father, n=4. B. Detection of MLC1 protein in PBLs
from both patient and his father. The detection of human MLC1 in transfected HEK293T cells
was used as a control. Tubulin was used as a loading control.
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2. STUDIES ON THE ROLE OF GPRC5B SIGNALLING IN THE
CONTEXT OF MLC PATHOGENESIS
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2.1 GPRC5B SIGNALLING

GPCRs are molecules known to mediate signalling cascades through a variety of
mechanisms including G protein-dependent and -independent pathways. Both have the
capacity to initiate several intracellular signalling cascades that are essential for many
physiological processes. In the case of G protein-dependent signalling, it can be found
in the literature that GPRC5B couples with the G12/13 class of heterotrimeric G proteins
(Kurabayashi et al., 2013). G12/13 family is known to activate several pathways related
with cell growth, cell polarity, migration, and immune and neuronal response (Guo et al.,
2022). In regards of the G protein-independent signalling, G-protein coupled receptor
kinases (GRKs) interact with the receptor creating binding motifs for arrestin proteins
that will induce different signalling pathways (NUrnberg et al., 2024). With the intention
of further studying the signalling pathways where GPRC5B is implicated, we set up in

our laboratory the NanoBIT in vitro technique (see Methodology section 2.10).

2.1.1 G-PROTEIN-ALPHA-12 IS INVOLVED IN GPRC5B DOWNSTREAM
SIGNALLING

Firstly, we wanted to validate the already described coupling of GPRC5B with the G12
class of G proteins. For this end, HEK293T cells were transfected with the designed
NanoBiT constructs necessary for each condition. Minimal G proteins (mini-G) that are
solely composed of the GaGTPase domain from G proteins and that closely mimic the
pharmacological and structural changes induced in GPCRs were used (Carpenter and
Tate, 2016, Carpenter and Tate, 2017). These mini-G had been previously fused to
LargeBiT fragments and were found to be useful as vehicles for protein complementation
assays (Wan et al., 2018). Forty-eight hours post-transfection, the assay took place and
luminescence was read. As depicted in Figure 40, it was confirmed that GPRC5B
interacted with the G12 class of G proteins. Unexpectedly, GPRC5B also seemed to
interact with Gi. This goes in line with the fact that GPCRs can couple to more than one
G protein, giving raise to a variety of signalling for a single receptor based on the relative

affinities for different G- proteins (Fonin et al., 2019).
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Figure 40. GPRC5B signals via Ga12 family. A. GPRC5B interaction with G proteins.
NanoBiT experiments on transfected HEK293T cells. Data comes from one representative
experiment with experimental triplicates, the experiment was repeated six times with similar
results. Mean + SEM is represented. B. Comparison in percentage of GPRC5B interaction
with G proteins giving 100% as an absolute value to Ga12 group. Data comes from five
independent experiments. Statistical analysis was assessed using One-way ANOVA analysis
(****p-value < 0.0001) with Dunnett's multiple comparisons test: ****p < 0.0001 compared to
GPRC5B-SmallBiT + Ga12-LargeBiT group. Mean £ SEM is represented.

Lg = LargeBiT, Sm = SmallBiT.

2.1.2 GPRC5B REGULATION OF VCAM-1 EXPRESSION VIA FYN KINASE

A published article saw evidence of a functional link between GPRC5B constitutive
signalling and NF-kB activity in the vascular wall that was dependent of Fyn, a
downstream effector of GPRC5B signalling. In a context of inflammation or high glucose
concentrations, GPRC5B was found upregulated in cultured immortalized endothelial
cells. Also, the overexpression of GPRC5B in the same cells resulted in increased levels
of phosphorylation of ERK1/2 and increased activation of NF-kB signalling, which is
responsible for increased VCAM-1 protein levels. These effects were confirmed to be
Fyn-dependent, since a GPRC5B overexpression accompanied by suppression of Fyn
did not show an activation on NF-kB signalling pathways (Freundt et al., 2022). In
another study, a GPRC5B mutation (p.Tyr383>Phe, Y383F) was identified in patients

suffering from obesity. The authors demonstrated that SH2 domains of Fyn specifically
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recognized the Tyrosine residue 383 (Tyr383) for the kinase activation. Thus, the Y383F
variant cannot be phosphorylated and, consequently, GPRC5B is not recognized by Fyn
(Kim et al., 2012).

Previous studies from the group revealed that the overexpression of GPRC5B in primary
astrocyte cultures upregulated VCAM-1 expression. Then, we hypothesized that VCAM-
1 induction would be dependent on Fyn kinase activity, so the overexpression of the
mutant GPRC5B Y383F, known to not be recognized by Fyn, would not increase VCAM-
1 expression. The obtained results are featured in Figure 41. Consistent with our
hypothesis, the overexpression of GPRC5B Y383F did not show increased VCAM-1
levels, contrarily to the overexpression of GPRC5B WT. IKB was found phosphorylated
in astrocytes overexpressing GPRC5B WT, but not in those overexpressing GPRC5B
Y383F. The phosphorylation of IKB is required for the activation of the NF-kB signalling
pathway, so the overexpression of GPRC5B WT activates this pathway, but not the
GPRC4B Y383F mutant. With this experiment, we concluded that the mechanism by
which GPRC5B induces VCAM-1 expression is dependent on Fyn activity.
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Figure 41. VCAM-1 upregulation induced by GPRC5B is dependent on Fyn activity.
Overexpression of GPRC5B Y383F variant using adenoviral particles does not upregulate
VCAM-1 compared to GPRC5B WT group. 30 ug of total protein extracts from each group
were loaded in 10% acrylamide gels. Data is representative of three independent
experiments. Experiments performed by Dr. Adria Pla Casillanis.

Ctrl: control, 5B: GPRC5B, 5B-YF: GPRC5B Y383F.
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2.2 MLC1 NEGATIVELY MODULATES GPRC5B SIGNALLING

Once we had validated that GPRC5B mainly interacted with Ga12 protein, we aimed to
assess whether this interaction was altered by the presence of MLC1, GlialCAM or both.
For this, HEK293T cells were transfected with the previous NanoBiT constructs plus
MLC1, GLIALCAM or GLIALCAM-T2A-MLCA1. The last construct enables the expression
of both proteins at equimolar concentrations. After 48 hours, NanoBiT assay was
performed. As seen in Figure 42, the presence of MLC1 significantly decreased the
interaction between GPRC5B and Ga12. In contrast, GlialCAM did not alter it.
Interestingly, the co-transfection of both MLC1 and GlialCAM partially recovered the
inhibition caused by the presence of MLC1 alone. LRRC8A was added as a control to
dismiss a possible competitivity effect. In conclusion, MLC1 inhibited the signalling
activity of GPRC5B via Ga12 and this inhibition was partially recovered by the presence
of Glial CAM.
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Figure 42. MLC1 negatively modulates GPRC5B-Ga12 signalling. GPRC5B - Ga12
interaction modulated by MLC1, GlialCAM or both. NanoBiT experiments on transfected
HEK293T cells. Data comes from three to six independent experiments depending on the
condition. Statistical analysis was determined using One-way ANOVA (****p-value < 0.0001)
followed by Tukey’s multiple comparisons test. ****p < 0.0001 compared to GPRC5B-SmallBiT
+ Ga12-LargeBiT group; ### p < 0.001 compared to GPRC5B-SmallBiT + Ga12-LargeBiT +
MLC1 group. Mean + SEM is represented.

Lg = LargeBiT, Sm = SmallBiT, M = MLC1, G = GlialCAM, GEM = GlialICAM T2A MLCA1.
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Considering that GPRC5B seemed to interact with Gai and that it might as well bind to
B-arrestin, we tested whether the inhibition of MLC1 on GPRC5B — Ga12 interaction
could also occur in these two other downstream proteins. NanoBiT experiments were
repeated changing the GPRC5B interactor. On the other case, GPRC5B and B-arrestin
interaction was significantly decreased by the presence of MLC1 and significantly
increased by the presence of Glial CAM. The presence of both MLC1 and GlialCAM did
not affect GPRCSB interaction with B-arrestin (Figure 43).
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Figure 43. MLC1 negatively modulates GPRC5B interaction with B-arrestin. GPRC5B —
B-arrestin interaction modulated by MLC1, GlialCAM or both. NanoBiT experiments on
transfected HEK293T cells. Data comes from nine to sixteen independent experiments
depending on the condition. Statistical analysis was determined using One-way ANOVA (****p-
value < 0.0001) followed by Tukey’s multiple comparisons test. **p < 0.01; ***p < 0.005
compared to GPRC5B-SmallBiT + B-arrestin-LargeBiT group. Mean + SEM is represented.
Experiments done in collaboration with Guillem Pont Espinds.

Lg = LargeBiT, Sm = SmallBiT, M = MLC1, G = GlialCAM, GEM = Glial CAM T2A MLC1.
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2.3 MLC1 IMPEDES GPRC5B OLIGOMERIZATION

After seeing that MLC1 disrupted the GPRC5B signalling mediated by G proteins, B-
arrestin, we attempted to find a mechanism that would explain how MLC1 would impede
this regulation. Since there are no ligands associated with this receptor, no specific
mechanisms for its activation have been corroborated. GPRC5B is an orphan receptor
classified into the family C of metabotropic glutamate receptors which are known to
commonly require dimerization or heteromerization to transduce signalling in response
to agonists (Vischer et al., 2015, Kniazeff et al., 2011).

We hypothesized that similarly to some members of class C GPCRs, GPRC5B would
need oligomerization to transduce signalling and MLC1 would inhibit this multimerization.
To test this hypothesis, NanoBiT assays were performed and the effect of MLCA1,
GlialCAM or both proteins on GPRC5B interaction with itself was analysed. As shown in
Figure 44, GPRC5B oligomerization was significantly decreased by the presence of
MLCH1, but it was not altered by neither Glial CAM or GlialCAM together with MLC1. With
this experiment, we concluded that MLC1 would be impeding the GPRC5B
oligomerization, and consequently, the signalling would not occur. Previous studies from
the group showed that GPRC5B stabilized MLC1 at the plasma membrane (Alonso-
Gardédn et al., 2021). This data, together with the obtained results made us propose that
the oligomerization might occur at the plasma membrane. So, the signalling at the

plasma membrane would be inhibited.
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Figure 44. MLC1 impedes GPRC5B homo-oligomerization. GPRC5B Oligomerization
modulated by MLC1, GlialCAM or both. NanoBiT experiments on transfected HEK293T cells.
Data comes from three to five independent experiments depending on the condition. Statistical
analysis was determined using One-way ANOVA (***p-value < 0.001) followed by Tukey’s
multiple comparisons test. ***p < 0.001 compared to GPRC5B-SmallBiT + GPRC5B-LargeBiT
group. Mean + SEM is represented.

Lg = LargeBiT, Sm = SmallBiT, M = MLC1, G = GlialCAM, GEM = GlialICAM T2A MLCA1.

2.4 GPRC5B CHANGES GLIALCAM LOCALIZATION

As previously reported, GlialCAM potentiated B-arrestin signalling pathway (Figure 43).
Since it can be found in the literature that B-arrestin can induce GPCR internalization,
we decided to study GPRCS5B localization in relationship with GlialCAM. Previous studies
from our group described that the expression of GlialCAM was enriched at cell junctions

in transfected cells and in primary astrocyte cultures (Lopez-Hernandez et al., 2011b).

Co-transfecting HelLa cells with GlialCAM and GPRC5B, immunocytochemistry analysis
was done, where GPRC5B polyclonal antibody was utilized and the FLAG tag attached
to GlialCAM was detected by using a monoclonal antibody against the tag. Cells were
classified based on the dichotomous quantification of whether GlialCAM was enriched
or not at cell junctions (see Methodology section 2.9.3). It was observed, as depicted in
Figure 45, that GlialCAM changed its localization and its expression was reduced at cell-

cell junctions in those conditions where GPRC5B was also expressed.
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Figure 45. GlialCAM is internalized in presence of GPRC5B. A. Immunocytochemistry on
Hela cells transfected with GlialCAM-3xflag. GlialCAM is concentrated at cell junctions. B.
Immunocytochemistry on HelLa cells co-transfected with GlialCAM-3xflag and GPRCS5B.
GlialCAM is no longer concentrated at cell junctions. C. Quantification of cells where Glial CAM
is enriched at cell-cell junctions compared with the condition of transfected GlialCAM alone.
Data comes from nine independent experiments. From 50 to 70 cells were analysed per
condition. Statistical analysis was determined using Paired t-test (****p-value < 0.0001). Mean
1+ SEM is represented. Scale bar: 20um.

Following this observation, we proceeded to determine the role of MLC1 in GlialCAM
internalization GPRC5B-dependent. To do so, immunocytochemistry analysis were
performed and it was determined that MLC1 protects GlialCAM of GPRC5B-mediated

internalization (Figure 46).
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Figure 46. MLC1 protects GlialCAM from GPRCS5B internalization. Immunocytochemistry
on transfected HelLa cells. GlialCAM is mostly located at cell junctions, but the presence of
GPRC5B internalizes it. The addition of MLC1 restores the localization of GlialCAM at cell-cell
junctions. Statistical analysis was determined using One-way ANOVA (****p < 0.0001) followed
by Tukey’s multiple comparisons test. ****p < 0.0001. Mean £ SEM is represented. Data comes
from four to twelve independent experiments depending on the condition. Experiments were
performed in collaboration with Dr. Marta Alonso Gardon.

GC: GlialCAM, 5B: GPRC5B, GEM: Glial CAM-T2A-MLC1.

2.5 THE INTERACTION BETWEEN MLC1 AND GLIALCAM INCREASES IN
DEPOLARIZING CONDITIONS

As detailed in previous sections, we observed that MLC1 impeded GPRCSB signalling
transduction and that the presence of Glial CAM together with MLC1 partially restored it.
These results indicated that the interaction between MLC1 and GlialCAM might be
regulated somehow. In a Proximity Ligation Assay (PLA) experiment, the interaction with
these two proteins was assessed. PLA is based on two labelled secondary antibodies
that generate a signal only when detecting two primary antibodies in closer proximity (<
40 nm). Primary astrocyte cultures overexpressing MLC1 and GlialCAM were analysed
in physiological and depolarizing conditions. Results are shown in Figure 47, where it
can be seen that the association between GlialCAM and MLC1 increases in depolarizing

conditions (high potassium concentration in the media).
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Figure 47. MLC1 and GlialCAM interaction increases in depolarizing conditions. PLA in
primary astrocyte culture. Scale bar: 20 um. Experiment performed by Dr. Xabier Elorza Vidal.

With this result, we postulated that GPRC5B signalling pathway would not be regulated
by a ligand, but it would be regulated by the interaction with other proteins. Thus,
GPRCS5B signalling would be inhibited by MLC1 in physiological conditions, yet in
depolarizing conditions, GlialCAM would bind MLC1 and GPRC5B and this interaction
would allow GPRC5B signalling to occur (Figure 48).

{k

GPRC5B

Figure 48. Schematic model of the interplay between MLC1, GlialCAM and GPRC5B.
MLC1 would inhibit GPRC5B signalling in physiological conditions. Under depolarizing
conditions, GlialCAM would bind to MLC1 and allow GPRC5B signalling.
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2.6 GPRC5B MUTANTS BIOCHEMICAL CHARACTERIZATION

Once we had described the GPRC5B signalling pathways and its inhibition through
MLC1, as well as the GPRC5B oligomerization which is also inhibited by MLC1, we
wondered whether these pathways could be altered in GPRC5B patient-derived mutants.

In this section, GPRC5B variants are biochemically described.

2.6.1 GPRCS5B-PATIENT DERIVED VARIANTS ARE EXPRESSED

As reported previously in this thesis (see Introduction Section 2.4.2), two GPRC5B
mutations have been identified of causing MLC: 1176dup and A177dup (Passchier et al.,
2023). Both mutations are located at the fourth transmembrane domain (Figure 49A).
The AlphaFold 3D model predicted these mutants to be found at the interphase of the

protein, meaning that they are located to putative interaction sites with itself and other

proteins (Figure 49B).

Figure 49. GPRC5B patient-derived variants localization. A. Schematic representation of
GPRCS5B predicted TM domains. Patient-derived variants are marked in orange. Scheme
done in Protter. B. 3D representation model of GPRC5B interacting with itself. 1176dup and
A177dup mutants are detailed in green. Top view.
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Since we were studying the GPRC5B protein and its signalling pathways, we wanted to
address the pathogenicity of these mutations. First, the protein expression levels were
analysed via WB from transfected HEK293T cells lysates. A representative WB
membrane is shown in Figure 50A. Although the mutants were expressed to a similar
ratio than the WT protein, it can be noticed that the WB bands pattern was distinct
compared to the WT. For the WT protein, the most prominent band was the one in the
middle (Band 2), which was a little bit smaller than 35 kDa. However, for the mutants,
the most distinguishable band was the bigger one (Band 1) which weighted more than
35 kDa. Bands of higher size on a WB could correspond to forms of the protein that have
gone through post-translational modifications, such as glycosylation or phosphorylation.
Bands were quantified and the ratio between band 1 and band 2 was calculated. As seen
in Figure 50B, the ratio Band 1/ Band 2 was significantly increased in the patient-derived
mutants compared to the GPRC5B WT.

MW (kDa)
WT Y383F 1176dup A177dup
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Figure 50. GPRC5B-patient derived variants expression. A. WB detecting GPRC5B from
cell lysates previously transfected with GPRC5B WT, 1176dup or A177dup. B. Ratio bands
from the WB (left) and total protein expression (right). Data comes from four independent
experiments. Statistical analysis was assessed with One-way ANOVA (***p-value < 0.001)
followed by Tukey’s multiple comparisons test. ***p < 0.001; ****p < 0.0001 compared to
GPRC5B WT. Mean + SEM is represented. Experiment done by Guillem Pont Espinés.

2.6.2 GPRCS5B GLYCOSYLATION PATTERN

To confirm that the WB shifted pattern previous seen in the former section was due to
glycosylation modifications, the following experiment was carried out. HEK293T cells
were transfected with GPRC5B WT or the variant A177dup and after 48 hours, protein
extracts were obtained. Then, the extracts were treated with two different
endoglycosidases. Endoglycosidase H (Endo H) is an enzyme that cleaves
oligosaccharides while the protein is in the ER or in the early regions of the Golgi
complex. On the contrary, Endoglycosidase F (Endo F) can cleave most glycans,
including the ones added in the transport from the Golgi complex to the cytoplasm
(Freeze and Kranz, 2008).

Comparing protein extracts treated and not treated with Endo H, it was revealed that the
band 2 corresponded to glycosylated forms of GPRC5B. The treatment was carried out
in protein extracts expressing GPRC5B WT and other extracts expressing GRPC5B
A177dup (Figure 51A). However, in the WB a diffuse band 1 can still be seen.
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Since Endo H only hydrolyses glycans when the protein is in the ER or in the Golgi
complex, we hypothesized that band 1 could correspond to the mature glycosylated form.
As an additional proof, Endo F treatment in both WT and A177dup proteins was
performed. It was confirmed that the bands with higher molecular weight (bands 1 and
2) belonged to glycosylated forms of the protein because its treatment completely

vanished these bands (Figure 51B). This experiment was performed by Guillem Pont

Espinds.
A
GPRC5B WT GPRC5B A177dup
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Figure 51. GPRC5B WT and A177dup glycosylation. A. WB detecting GPRC5B from
protein extracts expressing GPRC5B WT or GPRC5B A177dup treated or not treated with
Endo H. B. WB detecting GPRC5B from protein extracts expressing GPRC5B WT or GPRC5B
A177dup treated or not treated with Endo F. This experiment was performed once.
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2.6.3 GPRC5B MUTANTS CAN OLIGOMERIZE

The multimerization ability of GPRC5B was also studied in the patient-derived GPRC5B
mutants. NanoBiT assay was performed and results are represented in Figure 52. It was
verified that 1176dup and A177dup could perfectly homo-oligomerize.

GPRC5B mutant multimerization
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Figure 52. GPRC5B patient-derived mutants can homo-oligomerize. NanoBiT assay on
transfected HEK293T cells. Statistical analysis was determined using One-way ANOVA (p-
value > 0.05). Mean + SEM is represented. Data comes from six independent experiments.

2.6.4 GPRCSB-PATIENT DERIVED VARIANTS CAN SIGNAL

After describing an increased interaction of these GPRC5B variants with both MLC1 and
GlialCAM, we hypothesized that these mutants would present an impaired signalling.
Again, NanoBiT experiments were completed analysing the interaction of Ga12 and f3-
arrestin with GPRC5B WT and mutants. First, we analysed whether the interaction with
the receptor and Ga12 was altered and it was observed that the mutants could interact
with Ga12 like the WT (Figure 53A). Considering that GPCR5B can induce signalling
cascades mediated by different downstream proteins, other pathways were also studied
in the GPRC5B mutants. Taking this into account, the interaction between the mutants
and B-arrestin was also assessed. Both duplication mutants could interact with this
protein in the same manner than the WT protein (Figure 53B).
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Figure 53. GPRC5B mutant interaction with Ga12 and B-arrestin. A. GPRC5B WT and
mutants - Ga12 interaction. NanoBiT experiments on transfected HEK293T cellsStatistical
analysis was determined using One-way ANOVA (*p-value < 0.05) followed by Tukey’s
multiple comparisons test. *p < 0.05 compared to GPRC5B WT-SmBIT + Ga12-LargeBiT.
Mean + SEM is represented. Data comes from eight independent experiments. B. GPRC5B
WT and mutants — B-arrestin interaction. NanoBiT experiments on transfected HEK293T cells.
Statistical analysis was determined using One-way ANOVA (p-value > 0.05). Mean + SEM is
represented. Mean £ SEM is represented. Data comes from twelve independent experiments.
Experiments done in collaboration with Guillem Pont Espinds.

Lg = LargeBiT

2.7 GPRC5B MUTANTS RELATIONSHIP WITH MLC1 AND GLIALCAM

2.71 MLC1 CAN NEGATIVELY MODULATE GPRC5B PATIENT-DERIVED
MUTANTS SIGNALLING

Next, it was hypothesized that although the mutants could signal via Ga12 protein, there
could be a deficiency on its regulation through MLC1 and GlialCAM since its interaction
with both proteins was altered. To test this, HEK293T cells were transfected with Ga12-
Lg, GPRC5B-Sm mutant plus MLC1, GlialCAM or both at equimolar concentrations.
Contrarily to our hypothesis, the regulation was not altered because MLC1 could still
inhibit the interaction between Ga12 and GPCR5B mutants (Figure 54). Similarly to the
interaction observed with GPRC5B WT, the presence of GlialCAM did not affect the
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interaction between GPRC5B mutants and Ga12. In this case, the addition of GlialCAM
and MLC1 at equimolar concentrations fully recovered the interaction between the GPCR

and G protein.
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Figure 54. GPRC5B duplication mutants Ga12 signalling. A. GPRC5B [176dup - Ga12
interaction modulated by MLC1, GlialCAM or both. NanoBiT experiments on transfected
HEK293T cells. Data comes from three independent experiments. Statistical analysis was
assessed with One-way ANOVA (**p-value < 0.01) followed by Tukey’s multiple comparisons
test. **p <0.01 compared to GPRC5B 1176dup + Ga12-LargeBiT. Mean £ SEM is represented.
B. GPRC5B A177dup - Ga12 interaction modulated by MLC1, GlialCAM or both. NanoBiT
experiments on transfected HEK293T cells. Data comes from three independent experiments.
Statistical analysis was assessed with One-way ANOVA (**p-value < 0.01) followed by Tukey’s
multiple comparisons test. **p < 0.01 compared to GPRC5B 1176dup + Ga12-LargeBiT. Mean
+ SEM is represented.

Lg = LargeBiT, Sm = SmallBiT, M = MLC1, G = GlialCAM, GEM = GlialCAM T2A MLC1.

The same analysis was performed to study the modulation of B-arrestin and GPRC5B
mutant interaction (Figure 55). It was revealed that this interaction modulated by MLC1
and GlialCAM behaved similarly than the WT. The presence of MLC1 significantly
diminished the interaction with B-arrestin in both mutants, while GlialCAM significantly
increased such interaction. In the case of GPRC5B 1176dup, the co-expression of MLC1
and GlialCAM at equimolar concentrations also significantly increased the GPCR
interaction with B-arrestin.
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Figure 55. GPRC5B duplication mutants B-arrestin signalling. A. GPRC5B 1176dup - B-
arrestin interaction modulated by MLC1, GlialCAM or both. NanoBIiT experiments on transfected
HEK293T cells. Data comes from ten independent experiments. Statistical analysis was
assessed with One-way ANOVA (****p-value < 0.0001) followed by Tukey’s multiple
comparisons test. **p < 0.01; ***p < 0.001; ****p < 0.001 compared to GPRC5B 1176dup + -
arrestin-LargeBiT. Mean + SEM is represented. B. GPRC5B A177dup - B-arrestin interaction
modulated by MLC1, GlialCAM or both. NanoBiT experiments on transfected HEK293T cells.
Data comes from ten independent experiments. Statistical analysis was assessed with One-
way ANOVA (**p-value < 0.01) followed by Tukey’s multiple comparisons test. *p < 0.05; ***p <
0.001 compared to GPRC5B 1176dup + B-arrestin-LargeBiT. Mean + SEM is represented.

Lg = LargeBiT, Sm = SmallBiT, M = MLC1, G = GlialCAM, GEM = GlialCAM T2A MLC1.

Next, we also determined the ability of 1176dup and A177dup GPRC5B mutations to
activate the NF-kB signalling cascade mediated by Fyn kinase. With this aim, astrocytic
primary cultures were infected with adenoviral particles. WB analysis of the protein
extracts revealed that both mutants were able to upregulate VCAM-1 expression (Figure
56). It can also be observed that the VCAM-1 band in the mutant conditions is more
prominent compared to the GPCR5B WT condition, probably due to the fact that the
protein expression of GPCRSB variants seems to be slightly higher than the WT.
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Figure 56. GPRC5B patient-derived variants can induce VCAM-1 expression.
Overexpression of GPRC5B WT, and patient-derived mutants 1176dup and A177dup using
adenoviral particles results in an upregulation of VCAM-1, as revealed by WB analysis. 30 ug
of total protein extracts from each group were loaded in acrylamide 10% gels. Data is
representative of three independent experiments. Experiments performed by Dr. Adria Pla

2.7.2 MLC1 CAN INHIBIT GPRC5B MUTANTS OLIGOMERIZATION

The multimerization ability of GPRC5B was also studied in the patient-derived GPRC5B
mutants. NanoBiT assay was performed and results are represented in Figure 57. It was
verified that 1176dup and A177dup could perfectly oligomerize and its multimerization
was reduced by the presence of MLC1, in a similar manner to the WT protein. Glial CAM
did not affect the oligomerization and the presence of both MLC1 and GlialCAM at

equimolar concentrations rescued the decrease seen with MLC1.
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Figure 57. GPRC5B patient-derived mutant oligomerization. A. GPRC5B [176dup homo-
interaction modulated by MLC1, GlialICAM or both. NanoBiT experiments on transfected
HEK293T cells. Data comes from six independent experiments. Statistical analysis was
assessed with One-way ANOVA (**p-value < 0.01) followed by Tukey’s multiple comparisons
test. *p <0.05 compared to GPRC5B 1176dup-SmallBiT + GPRC5B A177dup-LargeBiT. Mean
1+ SEM is represented. B. GPRC5B [176dup homo-interaction modulated by MLC1, Glial CAM
or both. NanoBiT experiments on transfected HEK293T cells. Data comes from four
independent experiments. Statistical analysis was assessed with One-way ANOVA (*p-value
< 0.05) followed by Tukey’s multiple comparisons test. *p < 0.05 compared to GPRC5B
A177dup-SmallBiT + GPRC5B A177dup-LargeBiT. Mean + SEM is represented.

M: MLC1, GC: GlialCAM, GEM: GlialCAM-T2A-MLC1, Sm: SmallBiT, Lg: LargeBiT.

2.7.3 GPRC5B MUTANTS INTERACT WITH MLC1 AND GLIALCAM

Previous published work from our group, described the interaction between MLC1 and
GlialCAM with GPRC5B (Alonso-Gardén et al., 2021). In that work, the brain GlialCAM
interacting proteome was determined and several proteins, transporters and ion
channels were identified. Among them, GPRC5B was found. Bioluminescence
resonance energy transfer (BRET) saturation assays were done as a validation of the
direct interaction of GPRC5B with both MLC1 and Glial CAM.

Knowing that GPRC5B directly interacts with GlialCAM, we hypothesized that this
interaction could be altered in the case of the GPRC5B duplication mutants. With this

aim, NanoBiT experiments were performed in transfected HEK293T and it was confirmed
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that GPRC5B 1176dup and GPRC5B A177dup presented a significantly increased
interaction with GlialCAM in comparison with GPRC5B WT (Figure 58A).

We also analysed the interaction of GPRC5B with MLC1 using the same technique.
Surprisingly, GPRC5B patient-derived mutants showed a significantly increased
interaction with MLC1 in comparison with the WT (Figure 58B). Seeing that the patient-
derived GPRC5B mutants interacted more with GlialCAM and MLC1, we proposed that

the disrupted regulation of these interactions would confer the pathogenicity to these

mutants.
A GPRC5B - GlialCAM interaction B GPRC5B - MLC1 interaction
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Figure 58. GPRC5B interaction with GlialCAM and MLC1. A. NanoBiT experiments on
transfected HEK293T cells. Data comes from three to five independent experiments
depending on the condition. Statistical analysis was determined using One-way ANOVA (****
p-value < 0.0001) followed by Tukey’s multiple comparisons test. **** p < 0.0001 compared to
GPRC5B WT- LargeBiT+ GlialCAM - SmallBiT group. Mean + SEM is represented. B.
NanoBiT experiments on transfected HEK293T cells. Data comes from five independent
experiments. Statistical analysis was determined using One-way ANOVA (****p-value <
0.0001) followed by Tukey’s multiple comparisons test. * p < 0.05; ** p < 0.01 compared to
GPRC5B WT + MLC1-LargeBiT. Mean + SEM is represented. Experiments done in
collaboration with Guillem Pont Espinés.

Sm = SmallBiT, Lg = LargeBiT
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2.7.4 GPRC5B MUTANTS CANNOT ALTER GLIALCAM LOCALIZATION

Seeing that GPRC5B was found responsible for GlialCAM cellular localization, we
hypothesized that the GPRC5B-patient derived variants might not internalize GlialCAM.
So, in this case, even in the presence of GPRC5B, GlialICAM would stay at cell-cell
junctions. With this aim, HelLa cells were co-transfected with the mutant GPCR together
with GlialCAM WT. As it can be seen in Figure 59A, GlialCAM stayed enriched at cell
junctions. Interestingly, it was noticeable that GPRC5B variants were also found

concentrated at cell junctions, which did not occur in the WT condition.

Again, images obtained in the microscope were classified based on the presence of
GlialCAM enriched at cell junctions or not. Cells that had GlialCAM concentrated at cell
junctions were compared with those from the condition expressing GlialCAM alone. In
both patient-derived mutants the levels of GlialCAM at cell junctions was decreased, but
to a lesser extent than GPRC5B WT (Figure 59B). These results suggested that the
patient-derived mutants would be more stable at the cell membrane and they would be

more resistant to endocytosis.

Since observationally it seemed that both proteins were placed at the same subcellular
location, it was decided to quantify their colocalization. As shown in Figure 59C, it was
confirmed that Glial CAM colocalized significantly more with GPRC5B mutants compared
to the WT suggesting an increased interaction between these proteins, which was
already been determined in the NanoBiT assays. The colocalization between Glial CAM
and GPRC5B was also assessed in primary astrocytic cultures. Mic1”" astrocytes were
overexpressed with GlialCAM and GPRCS5B. Immunocytochemistry analysis and
posterior quantification revealed that both 1176dup and A177dup co-localized more with
GlialCAM compared to GPRC5B WT (Figure 60).
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Figure 59. GPRC5B-patient derived mutants maintain GlialCAM enriched at cell
junctions. A. Immunocytochemistry on Hela cells co-transfected with GPRC5B patient-
derived mutant and GlialCAM WT. Both mutants GPRC5B 1176dup and A177dup stay at cell
junctions. Scale bar: 20um. B. Quantification of cells where GlialCAM is enriched at cell-cell
junctions compared with the transfection of GlialICAM alone. Data comes from five to ten
independent experiments. Between 50 and 70 cells were analysed per condition. Statistical
analysis was determined using One-way ANOVA (****p-value < 0.0001) followed by Tukey’s
multiple comparison test. **p < 0.01; ****p < 0.0001 compared to GlialCAM-3xflag. # p < 0.05
compared to GPRC5B + GlialCAM-3xflag. Mean + SEM is represented. C. Colocalization of
GPRC5B WT or mutants with GlialCAM. Statistical analysis was determined using One-way
ANOVA (**p < 0.01) followed by Tukey’s multiple comparisons test. **p < 0.01. Data comes
from four independent experiments.
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Figure 60. GPRC5B mutants co-localize with GlialCAM in Mic1 KO primary astrocytes.
Immunocytochemistry on Mic1/ astrocytes overexpressing GlialCAM and GPRC5B. Both
mutants GPRC5B [176dup (bottom left) and A177dup (bottom right) colocalize significantly
more with GlialCAM than GPRC5B WT (top left). Colocalization of GPRC5B WT or mutants
with GlialLCAM was quantified (top right). Statistical analysis was determined using One-way
ANOVA (****p < 0.0001) followed by Tukey’s multiple comparisons test. **p < 0.01; ***p <
0.001 vs GPRC5B WT. Mean + SEM is represented. Data comes from five to twelve
independent experiments depending on the condition and they were performed by Dr. Adria
Pla Casillanis.

206



RESULTS

2.8 APROPOSED MODEL FOR GPRC5B SIGNALLING

After the study of GPRC5B patient-derived mutants in the context of MLC pathogenesis,
we concluded that these variants can perfectly signal. This signalling can also be
modulated by MLC1 and GlialCAM, in a similar manner than GPRC5B WT protein. One
of the main differences observed in these mutations is that they interact significantly
more with both MLC1 and GlialCAM, which could be a result of their increased stability
at plasma membrane. Also, GPRC5B patient-derived mutants cannot internalize

GlialCAM and they colocalize significantly more at cell-cell junctions.

In addition, considering the PLA assay where it was clearly recognized that the
interaction between MLC1 and GlialCAM increases in depolarizing conditions, we

propose the following model.

In physiological conditions, GPRC5B and MLC1 would be found interacting at the plasma
membrane. MLC1 would be inhibiting GPRC5B homo-oligomerization, hence, the
signalling would be inhibited. In a context of hyperpolarization, where the potassium
concentration increases in the extracellular media, GlialCAM would bind MLC1 and
GPRC5B, thus, MLC1 would no longer be inhibiting GPRC5B. Then, the receptor would
homo-oligomerize, it would be internalized, and the signalling would occur. The visual

summary of our proposed model is featured in Figure 61.
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Figure 61. Proposed model for GPRC5B signalling pathway modulation. Our proposed
model is that GPRC5B interacts with MLC1 at plasma membrane. In hyperpolarizing
conditions, GlialCAM would bind to MLC1-GPRC5B and as a result, GPRC5B would be
internalized and the signalling would occur intracellularly.
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2.9 GLIALCAM IGC2 MUTANTS

The results obtained in the previous sections, where GPRC5B mutants maintained
GlialCAM enriched at cell junctions, recalled previous studies from our group focused on
the IgC2 domain of GlialCAM. There have been described two patient mutations located
on this domain that cause MLC: p.S196Y and p.D211N (Figure 62A). These two mutants
are the only ones described to not show a defect in trafficking (Arnedo et al., 2014b). in
this work done in primary knockout MLC1 astrocyte cultures, these two recessive
mutations were characterized and it was found that they were not internalized in a high
potassium concentration media (Figure 62B). These results suggested that S196Y and

D211N mutants might be more stable at the plasma membrane.

A

B Mic1 WT Mic1 KO

GlialCAM WT
3xFLAG

GlialCAM
$196Y
3xFLAG

Figure 62. GlialCAM IgC2 patient-derived variants are resistant to endocytosis. A. B.
GlialICAM S196Y variant was overexpressed in mouse primary WT astrocytes or Mic1 -/-
astrocytes. In a context of high potassium cnocentration, both variants were defective for
internalization. Images are representative of three independent experiments. Experiments
performed by Dr. Adria Pla Casillanis.
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2.9.1 GLIALCAM IGC2 MUTANTS STAY AT CELL JUNCTIONS IN PRESENCE
OF GPRC5B

The suggested resistance to endocytosis found in GlialCAM IgC2 patient-derived
mutations resembled the decreased internalization observed in GPRC5B mutants when
they are co-expressed with GlialCAM, where both proteins stayed enriched at cell-cell

junctions.

Having described the internalization of GlialCAM in presence of GPRC5B, we then
hypothesized that the patient-derived GlialCAM IgC2 mutations could have a defect of
protein localization in cells co-expressed with GPRC5B. Since the mutants were not
internalized in the presence of potassium, it was plausible that they would not do so in

presence of the GPCR neither.

Both mutants, S196Y and D211N, were expressed in HeLa cells, alone and together with
GPRCSB. Results confirmed that 1gC2 GlialCAM mutants were enriched at cell-cell
junctions (Figure 63). The presence of GPRC5B did not alter the localization of GlialCAM
S196Y and D211N as they remained concentrated at cell junctions (Figure 64). These
results also validated that all proteins reached the plasma membrane, but the only

observed difference in phenotype was their resistance to endocytosis.

GlialCAM WT-3xflag GlialCAM $196Y-3xflag GlialCAM D211N-3xflag

Figure 63. GlialCAM IgC2-patient derived mutants localization. Immunocytochemistry on
Hela cells transfected with GlialCAM WT (left), GlialCAM S196Y (centre), or GlialCAM D211N
(right). In all three cases the protein is enriched at cell junctions. Scale bar: 20 pm.
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Figure 64. GlialCAM IgC2-patient derived mutants localization with GPRC5B. A.
Immunocytochemistry on Hela cells co-transfected with Glial CAM patient-derived mutant and
GPRC5B. Both mutants stay enriched at cell junctions. Scale bar: 20 ym. B. Quantification of
cells where GlialCAM is enriched at cell-cell junctions compared with the transfection of
GlialCAM alone. Data comes from seven independent experiments in the case of S196Y and
four, for D211N. Between 50 and 70 cells were analysed per condition. Statistical analysis was
determined using Paired t-test (p-value > 0.05). Mean = SEM is represented. ns: not
significant.
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Then, the co-localization was also assessed, even though observationally it already
seemed that GlialCAM IgC2 variants were not co-localizing notably more than Glial CAM
WT. The image quantification confirmed this observation as Glial CAM S196Y and D211N
co-localized with GPRC5B in a similar manner than GlialCAM WT (Figure 65).

Co-localization
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Figure 65. 1gC2 GlialCAM variants co-localize with GPRC5B in a similar manner than
GlialCAM WT. Colocalization of GlialCAM WT or mutants with GPRC5B. Data comes from
four to eleven independent experiments. Statistical analysis was determined using One-way
ANOVA (p-value > 0.05). Mean + SEM is represented.

One possible explanation for these results was that GPRC5B and GlialCAM 1gC2
variants did not interact. To confirm the specificity of the obtained information, we
analysed their interaction via Split-TEV assays. It was affirmed that GlialICAM 1gC2
mutants maintained direct interaction with GPRC5B (Figure 66), indicating that the lack
of internalization by GPRC5B is not due to a reduced interaction of the mutant with the
GPCR. Therefore, the IgC2 mutants would be resistant to the induction of GPRC5B-

mediated internalization.
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Figure 66. GPRC5B interacts with GlialCAM IgC2 patient-derived mutants. Split-TEV
assays analysing the ability of GlialCAM IgC2 mutants to interact with GPRC5B in transfected
HelLa cells. Data indicates the average percentage of interaction shown by each protein
related to the interaction shown by GlialCAM WT protein. Empty vector pcDNA6.2TK and 4F2
were used as control groups. Data comes from three independent experiments. Statistical
significance was analysed by One-way ANOVA with Bonferroni post-test: ***p-value < 0.001.
ns: not significant. Experiments performed by Dr. Marta Alonso Gardén.

2.9.2 IGC2 MUTANTS DO NOT POTENTIATE B-ARRESTIN SIGNALLING

Going back to the NanoBiT signalling studies, the only effect observed in GPRC5B
signalling caused by the presence of GlialICAM was the potentiation of GPRC5B and [3-
arrestin interaction (Figure 43). This potentiation was also seen in those cells transfected
with 1176dup and A177dup GPRC5B (Figure 55). So, we hypothesized that the GlialCAM
IgC2 variants might not be able to potentiate GPRC5B — 3-arrestin interaction. With this
aim, HEK293T cells were transfected with the needed constructs and NanoBiT assays
were performed. Results are plotted in Figure 67 where it can be noticed that both
mutants fail to potentiate the B-arrestin, in opposite to GlialICAM WT that significantly

increases the interaction between GPRC5B and (3-arrestin.
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Figure 67. Patient-derived mutants do not potentiate B-arrestin signalling with
GPRC5B. NanoBiT assays analysing the ability of GlialICAM IgC2 mutants to affect the
interaction between GPRC5B and B-arrestin in HEK293T cells. Data comes from ten
independent experiments. Statistical significance was analysed by One-way ANOVA (*** p <
0.005) with Tukey’s multiple comparisons post-test. **p-value < 0.01. Experiments performed
in collaboration with Guillem Pont Espinds.

2.10 2D MODEL OF GLIALCAM INTERACTIONS

As previously explained (see Introduction section 1.3.3), GlialCAM presents two
extracellular domains: IgV and IgC2. Most GLIALCAM mutations causing MLC are found
on the IgV domain, although there are described two mutants located on the 1gC2
domain: p.S196Y and p.D211N. These mutants do not show a trafficking defect, meaning
that the protein is expressed and it is perfectly localized (Arnedo et al., 2014b). Previous
studies done in p.S196Y and D211N concluded that they were resistant to the induction
of GPRC5B-mediated internalization. Nevertheless, we wanted to comprehend how

these mutations confer resistance to endocytosis to GlialCAM protein.

In collaboration with Dr. Juan Fernandez-Recio, a computer-based model for GlialCAM
extracellular interactions was obtained. It allowed us to generate a GlialCAM homo-
dimerization model that can be found in one of our published works, which highlights the

importance of cis- and trans- interactions in GlialCAM (Elorza-Vidal et al., 2020).
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Deeply analysis of the 2D model revealed that 1gC2 patient-derived mutations were
located in the two outward-facing a-helices of this domain. Some authors had previously
described the ability of similar IJCAM molecules to form zipper-like structures through
lateral interactions between IgC2 domains (Kamiguchi and Lemmon, 2000). Taking this
characteristic into consideration and after seeing the relevance of GlialCAM interactions
with itself in cis- and trans- (Elorza-Vidal et al., 2020), we hypothesized that IgC2
domains could be relevant for lateral GlialCAM interactions. Glial CAM oligomerization is
thought to be crucial for its correct function and we considered that the a-helices motifs

of IgC2 may be participating in these putative lateral interactions.

This work was done in collaboration with Dr. Adria Pla Casillanis and Dr. Efren Xicoy
Espaulella. First, mutagenesis studies were performed in which individual amino acids
from the a-helices were replaced by cysteines. The objective was to perform cross-
linking assays to determine whether the substitute residue would form disulfide bonds

with the same residue from the adjacent IgC2 domain.

The first a-helix comprises residues from 191 to 196 and will be referred to as a-helix 1.
The second one includes residues from 209 to 211 and will be named a-helix 2. In Table
11, the residues for each helix are enlisted. The proposed computer-based model is

shown in Figure 68.

a-helix 1 a-helix 2
Serine 191 Methionine 209
Arginine 192 Glutamic acid 210
Methionine 193 Aspartic acid 211
Leucine 194
Leucine 195
Serine 196

Table 11. Residues composing a-helix 1 and 2.
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M193C 5196C
R192C 1195C
§$191C 1194C

D211C
E210C
M209C

Figure 68. Bioinformatic model of GlialCAM. A. GlialICAM forms interactions in cis- and in
tfrans- forming a zipper-like structure. In red, the putative lateral interactions by the 1gC2
domain are marked. B. Zoom of the a-helices with the mutated residues in sphere
representation.

For this study, the formation of cross-links through disulfide bonds was analysed via WB.
WB experiments were performed in reducing and non-reducing conditions. This was
achieved by adding or not DTT, a strong reducing agent in the protein extracts. If the
formation of dimers was specific, the WB band corresponding to dimeric GlialCAM
should appear in the samples not treated with DTT and disappear in the ones treated.
As seen in Figure 69, the WB band corresponding to dimeric Glial CAM (around 150 kDa)
appeared in cysteine mutants from both a-helices. The more noticeable dimers were
found in mutants S191C and R192C from a-helix 1; and E210C and D211C from a-helix
2. Those protein extracts treated with DTT did not present a band around 150 kDa and

only showed a band at 72 kDa, corresponding to monomeric GlialCAM.
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Figure 69. IgC2 GlialCAM variants form cross-links. WB experiments done with protein
extracts treated or not treated with DTT 100 mM and heated at 95°C from transfected HelLa
cells. 30 pg of protein extract were loaded in a 7.5% acrylamide gel. E86C variant was used
as a positive control for specific cross-linking (previously validated in the laboratory).
Immunodetection was directed against the FLAG tag of the variants. Actin (36 kDa) was used
as a loading control. Data comes from three independent experiments. Experiments done by
Dr. Adria Pla Casillanis and Dr. Efren Xicoy Espaulella.

Immunofluorescence assays were also performed where it was observed that Glial CAM
mutants S191C, R192C, E210C and D211C showed an increased number of cells with
GlialCAM enriched at cell-cell junctions. This augment was statistically significant only in

the S191C mutant, where 90% of cells display GlialCAM concentrated at junctions

(Figure 70).

216



RESULTS

100+ o ns

ns —

25+

% cells with GlialCAM at cell
3

Figure 70. GlialCAM cysteine-mutants are enriched at cell junctions. Quantification of
immunocytochemistry of transfected HelLa cells. GlialCAM was detected using an antibody
against the FLAG tag that they had incorporated. Data comes from three independent
experiments. Statistical analysis was determined by One-way ANOVA with Bonferroni post-
test. * p < 0.05 compared to GlialCAM WT. ns: not significant. Mean + SEM is represented.
Experiments performed by Dr. Adria Pla Casillanis and Dr. Efren Xicoy Espaulella.

2.11 GLIALCAM S191C ANALYSIS

Results from WB and immunofluorescence analysis revealed that some cysteine
mutants generated disulfide bonds with themselves and they were found enriched at cell
junctions. Considering these results, we hypothesized that the mutants would have an
altered pattern in a SEC profile as the presence of dimers would be greater than in the
WT, whose pattern would be shifted towards monomeric forms. For this experiment, the
protein had to be purified. With this aim, a detergent screening was set up for choosing
a suitable detergent and GlialCAM WT protein was purified before analysing the S191C

mutant.

2.11.1 GLIALCAM DETERGENT SCREENING

For the detergent screening, HEK293-6E suspension cells were transfected with
GlialCAM-GFP and after 48 hours of transfection, the pellet was split in parts that were
solubilized with different detergents. Fluorescence was read before and after
solubilization to obtain the percentage of solubilization for each detergent (Table 12). All

the tested detergents were added at 1% together with 0.2% of cholesteryl hemisuccinate
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(CHS), except digitonin and GDN that did not have CHS. In most detergents, the protein
was hugely solubilized, being octylglucoside, nonylglucoside and nonylmaltoside the
less solubilizing detergents for GlialCAM with 54, 64 and 73% of solubilization rate,
respectively. Then, each solubilized protein was injected for a gel filtration, fractions were

collected and their fluorescence read.

Detergent % Solubilization
Ci2Es 100
CY-6 90
DM 100
DDM 79
Digitonin 100
GDN 79
LAPAO 97
LDAO 99
LMNG 75
Nonylglucoside 64
Nonylmaltoside 73
Octylglucoside 54

Table 12. GlialCAM solubilization efficiency for different detergents. Percentage of
solubilization was calculated by dividing the fluorescence before and after solubilization. 100
pL for each condition was put in a black 96-well plate and fluorescence was read in a
fluorometer. Data comes from one experiment.

In Figure 71, FSEC profiles are presented. It can be clearly seen that most samples
presented two fluorescent peaks, being the smaller one (the one that appears later, at a
higher volume) more consistent throughout the samples. Based on the approximated
weight of those peaks, we determined that the first peak would correspond to GlialCAM
and the second one, to GFP alone. From the twelve detergents tested, GlialCAM peaks
presented notorious differences. The protein samples solubilized with GDN and LMNG
did not show a fluorescent peak for GlialICAM. Taking into consideration both
percentages of solubilization and FSEC profiles, octylglucoside, nonylglucoside and
nonylmaltoside were also discarded to work with. Some peaks, such as the one for
LAPAO and digitonin, were remarkably smaller than the others. From the rest, the peak
present in both CY-6 and LDAO conditions was not symmetric. The remaining possible
detergent candidates were Ci;Es, DM and DDM. DM was chosen as the working
detergent for GlialCAM solubilization because of the symmetry of the peak and for having

the highest fluorescence, hence, the most protein.
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2.11.2 GLIALCAM WT PURIFICATION
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Figure 71. GlialCAM detergent screening. FSEC profiles of GlialICAM solubilized 1 hour
with different detergents at 1%. Samples were run in Sepharose 6 Increase 10/300 GL column,
at 0.4 mL/min flow rate in Tris/NaCl buffer. Fractions of 200 pL were collected in black 96-well
plates and fluorescence was read.

Having decided to work with DM as the solubilizing detergent, a first test of GlialCAM
purification was carried out. For this, suspension cells were transfected with the construct
GlialCAM-3xflag and the pellet was solubilized 1 hour at 1% DM plus 0.2% CHS.
GlialCAM was purified using Flag resin and eluted with flag peptide. The eluted output
was injected in the AKTA for a gel filtration. In Figure 72, the results from Glial CAM

Mass Spectrometry verified that the most abundant protein present in the silver stain gel
was GlialCAM-3xflag. For its analysis, the most prominent band from the second peak

in the WT protein was send to IRB Barcelona Mass Spectrometry and Proteomics Core
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Figure 72. GlialCAM protein purification. A. SEC profile of purified GlialICAM-3xflag. After
a large void, two distinguished peaks are observed being the second one more defined. The
column used was SuperDex Increase 200 10/300 GL at a flow of 0.3 mL/min in Tris/NaCl
buffer. B. WB of the purification process. GlialICAM was purified using flag resin and eluted
with flag peptide. C. Silver Stain of the SEC peaks. Most GlialCAM protein is found on the
second peak.

TP: total protein, S: solubilized, FT: flowthrough, W: wash, E: elution, V: void, P1: peak 1, P2:
peak 2.

2.11.3 GLIALCAM S191C PURIFICATION

Once the purification conditions were set up, the S191C mutant was tested. For this, two
pellets transfected with GlialCAM WT and S191C separately were purified using the Flag
resin. Comparing both SEC profiles, a difference in the peaks was observed. As depicted
in Figure 73A, the WT protein showed a profile where the second peak is higher than the
first one, whereas in the S191C, the first peak was larger than the second one.

To confirm that the mutant established specific disulfide bridges with itself, the peaks
from the gel filtration were collected and a Silver Stain was performed in reducing and
non-reducing conditions. The peaks from the GlialCAM WT purification showed a band
around 72 kDa with and without the presence of the reducing agent, f-mercaptoethanol
in this case. Contrarily, when the peaks from the GlialCAM S191C purification were not
treated with the reducing agent, a band appeared at 250 kDa. However, when -
mercaptoethanol was added to the samples, a band was present at 72 kDa (Figure 73B).
The obtained results indicated that the S191C mutant had a higher tendency to

oligomerize than the WT. At the same time, Silver Stain gels revealed that the increased
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weight in the S191C mutant was caused by the formation of a cross-link formed by a

disulfide bridge.
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Figure 73. GlialCAM WT and S191C protein purification. A. SEC profiles of purified
GlialCAM WT (left) and S191C (right). After a large void, two distinguished peaks are observed
in both profiles. The column used was SuperDex Increase 200 10/300 GL at a flow of 0.3
mL/min. B. Silver Stain of the SEC peaks of GlialCAM WT purification (left) and S191C mutant

(right) with and without B-mercaptoethanol.

V: void, P1: peak 1, P2: peak 2, B-ME: B-mercaptoethanol.

212 CYSTEINE IGC2 GLIALCAM MUTANTS ARE RESISTANT TO
ENDOCYTOSIS

Afterwards, we wanted to assess whether the cross-link variants showed a defect in
protein localization in the presence of GPRC5B as occurred with disease-related
GlialCAM variants. We decided to work with the variants S191C from helix-a1 and E210C
from helix-a2. We hypothesized that these cysteine variants would stay at cell-cell

junctions even with the presence of GPRC5B, as it was described for the S196Y and

D211N patient-derived mutations.
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The results are shown in Figure 74. As hypothesized, S191C and E210C were found to
be perfectly localized at cell junctions in transfected HelLa cells. When these cells where
co-transfected with GPRC5B, the expression of GlialCAM protein remained at cell
junctions. However, when quantifying the immunofluorescence images and analysing
these data statistically, the results showed that the variant E210C significantly decreased
its levels at the junctions in the presence of GPRC5B compared to its location when it
was expressed alone. Still, the reduction was not as major as the one seen in the WT
group. In this case, the localization of GlialCAM WT at cell junctions decreased around
60% in the presence of GPRC5B; whereas for the E210C variant, there was a 25%
decline. This significance could be explained by a low variability among the different cell
cultures from both conditions expressing GlialICAM E210C with and without GPRC5B

compared to the other variants that presented higher variabilities.

GlialCAM WT-3xflag GlialCAM WT-3xflag GPRCS5B Merge

GlialCAM $191C-3xflag GlialCAM $191C-3xflag GPRC5B Merge

GlialCAM E210C-3xflag GlialCAM E210C-3xflag GPRC5B Merge
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Figure 74. GlialCAM WT, S191C, and E210C protein localization. A. Immunocytochemistry
on Hela cells transfected with GlialCAM WT and IgC2 variants alone (on the left) and with
GPRC5B (on the right). Both mutants stay at cell-cell junctions. Scale bar: 20 ym. B.
Quantification of cells where GlialCAM is enriched at cell-cell junctions compared with the
transfection of GlialICAM alone. Data comes from four independent experiments. Between 50
and 70 cells were analysed per condition. Statistical analysis was determined using Paired t-
test (ns p-value > 0.05; * p < 0.05; *™** p < 0.0001). ns: not significant. Mean + SEM is
represented.

We concluded that GPRC5B- mediated internalization was impaired in S191C and
E210C variants, similarly to the observed resistance to endocytosis for the disease-
related mutations S196Y and D211N. With these experiments, we confirmed that an
altered stabilization of oligomeric structures at the plasma membrane was linked to the

pathophysiology of MLC.

2121 1IGC2 CYSTEINE MUTANTS DO NOT POTENTIATE B-ARRESTIN
SIGNALLING

Seeing that both cysteine mutants presented the same phenotype as the patient-derived
IgC2 variants, we tested whether S191C and E210C would be able to potentiate the
GPRC5B and B-arrestin interaction. Since S196Y and D211N variants did not potentiate
this signalling (Figure 67), we expected that the cysteine mutants would not potentiate it
neither. NanoBiT assays confirmed that the signalling potentiation did not occur in the
mutants S191C and E210C (Figure 75).
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Figure 75. GlialCAM cysteine-mutants do not potentiate B-arrestin signalling with
GPRCS5B. NanoBiT assays analysing the ability of GlialCAM IgC2 mutants S191C and E210C
to affect the interaction between GPRC5B and B-arrestin in HEK293T cells. Data comes from
ten independent experiments. Statistical significance was analysed by One-way ANOVA (*** p
< 0.001) with Tukey’s multiple comparisons post-test. **p-value < 0.01. Experiments performed
in collaboration with Guillem Pont Espinds.

213 BIOINFORMATIC MODEL FOR GLIALCAM HOMODIMERS
INTERACTING THROUGH THE IGC2 DOMAIN

With all the collected information on cysteine-mutants in IgC2, we collaborated again
with Dr. Juan Fernandez-Recio, who further refined the model of GlialCAM interactions
considering the new experimental restrictions. This new model considered IgC2 lateral

interactions in addition to IgV cis-and trans- interactions (Figure 76).
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Top view

Lateral view

Figure 76. Bioinformatic model of the possible interaction that GlialCAM forms. A. Top
view of GlialCAM molecules (in green and purple) interacting through the IgV and the IgC2
domain. In red, the two a-helices from the IgC2 domain are pointed out. B. Lateral view of the
model (left) and a schematic representation of it (right).

225



226



3. STRUCTURAL RESOLUTION OF MLC1
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3.1 INTRODUCTION

The obtention of the tridimensional structure of proteins can reveal important indications
about their function (Bai et al., 2015). At the same time, it can facilitate the design of
drugs to allow therapeutic interventions (Suades et al., 2019). Since the exact function
of MLC1 remains unknown, in this thesis we have worked towards solving the 3D
structure of this protein. We believe that the obtention of its structure would expand the
knowledge about MLC1 function and MLC pathophysiology, while also being crucial for

future therapeutic strategies.

This work was started by Dr. Efren Xicoy-Espaulella, who worked with different tags
fused to MLC1 for the purpose of finding the best method to purify the protein. After some
analysis, it was decided to work with the TwinStrep tag fused at the N-terminus of MLCA1.
This construct was designed by Dr. Nick Berrow from the Protein Expression Core
Facility at IRB.

For a successful homogeneously purified protein, different features must be taken into
consideration. One crucial step in membrane protein purification is the solubilization,
where proteins are removed from the plasma membrane and incorporated into detergent
micelles. During this process, the disruption of the native phospholipid environment is
needed whilst, paradoxically, the physiological conformation of the protein must be
maintained (Ratkeviciute et al., 2021). For this reason, choosing the right detergent is a
critical step for the achievement of the purified protein. After a detergent screening, it
was agreed on working with the detergent digitonin. Posterior experiments established
that the best solubilization conditions for MLC1 with digitonin were to solubilize 2 hours

at 2% of digitonin.

3.2 OPTIMIZATION OF MLC1 PURIFICATION

Once the construct and the detergent were chosen, it was time to optimize other
parameters in the purification protocol for MLC1. Our objective was to obtain a
homogeneous sample that could be used to solve the 3D structure of our protein in cryo-
EM imaging. For the optimization, we evaluated different features such as the co-
expression with GlialCAM, the ratio protein:detergent and the proper conditions for

protein freezing.
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3.2.1 GLIALCAM CO-EXPRESSION

Previous studies from the group demonstrated that GlialICAM protected MLC1 from
degradation associated to the endoplasmatic reticulum (Capdevila-Nortes et al., 2013)
and it allowed MLC1 localization at cell junctions (Lépez-Hernandez et al., 2011b, L6pez-
Hernandez et al., 2011a). It was also determined that digitonin was the only detergent
maintaining the interaction between MLC1 and GlialCAM (Lépez-Hernandez et al.,
2011a).

Taking all this information into account, we hypothesized that the co-expression of MLC1
with GlialCAM would increase the efficiency of the purification process. Adding Glial CAM
also pursued a second objective since its prominent extracellular domain could be useful
when analysing particles at cryo-EM. Moreover, it was thought that solving the structure
of MLC1 together with Glial CAM would be relevant for understanding their physiological

functions and gaining knowledge about their interaction.

To test our hypothesis, HEK293-6E cells were transfected with TwinStrep-MLC1 alone
or together with Glial CAM-3xflag. Then, MLC1 was purified in both groups in parallel and
the SEC profiles of the purified protein were compared as seen in Figure 77A. It can be
observed that in both conditions, the profile looked alike, although the addition of
GlialCAM increased the absorbance levels. Moreover, the proportion between peaks
was altered because in the condition with MLC1 alone the void and the first peak had
the same height, whereas with Glial CAM the first peak was higher than the void. The WB
analysis in Figure 77B showed that GlialCAM was eluted in the MLC1 puirification.
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Figure 77. MLC1 protein purification alone or co-expressed with GlialCAM. A. SEC profile
of TwinStrep-MLC1 protein purified alone or in the presence of GlialCAM-3xflag. Both samples
were solubilized digitonin, incubated with StrepTactin Superflow resin and were run in
SuperDex Increase 200 10/300 GL at a flow of 0.3 mL/min in Tris/NaCl buffer plus detergent.
B. WB of the purified protein detecting MLC1 and GlialCAM.

M: MLC1, GC: GlialCAM.
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3.2.2 RATIO PROTEIN: DETERGENT

As previously stated, solubilization is key for good protein purification and it is
recommended to be optimized. Apart from detergent selection and concentration, the
ratio of protein: detergent needs to be considered as delipidation of the plasma
membrane is driven by detergent concentration in purification buffers as well as intrinsic

properties of detergent micelles (Urner et al., 2022).

To examine the most optimal protein: detergent ratio for MLC1 purification, the following
experiment was set up. A 2 L cell culture was co-expressed with TwinStrep-MLC1 and
GlialCAM-3xflag. Then, it was purified separating the volume in three for working with
three different solubilization ratios of protein: detergent (w/w). The ratios used were 1:4,
1:8 and 1:12 and the total protein concentration was quantified via BCA. In all three
conditions, digitonin was added at 2% of the final volume of the solubilized buffer. SEC
profiles are shown in Figure 78. The mobility of peaks did not change among conditions,
however, the proportion of peaks from the same conditions did vary. For instance, in the
ratio 1:12 group, the proportion between the void and the second peak was greater than

in the 1:4 and 1:8 groups.
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Figure 78. MLC1 protein purification using different protein: detergent ratios. SEC
profile of TwinStrep-MLC1 protein coexpressed with GlialCAM-3xflag purified using 1:4, 1:8
and 1:12 ratios of protein: detergent. Samples were solubilized with 2% digitonin, incubated
with StrepTactin Superflow resin and were run in SuperDex Increase 200 10/300 GL at a flow
of 0.3 mL/min in Tris/NaCl buffer plus digitonin.
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3.2.3 PROTEIN FREEZING AND THAWING

The last test required before putting the protein in grids for cryo-EM analysis was to
assess whether the protein could be frozen and thawed without aggregating. Considering
that our collaborators for cryo-EM were in Madrid, we needed to know if the purified

protein could be sent frozen.

With this objective, MLC1 was purified from a 2 L expression of HEK293-6E cells
transfected with TwinStrep-MLC1 and GlialCAM-3xflag. Once the SEC profile was
obtained, peak 1, 2 and 3 were collected, frozen in liquid nitrogen and stored at -80°C
for two days. After this time, peak 1 and 2 were thawed on ice, filtered, and injected again
for gel filtration. SEC profiles are presented in Figure 79, where it can be observed that
the frozen and thawed peaks did not show mobility differences compared to the sample

before freezing. So, the protein could resist freezing and thawing, at least one cycle of it.
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Figure 79. MLC1 protein purification freezing and thawing the peaks. SEC profile of
TwinStrep-MLC1 protein coexpressed with GlialCAM-3xflag. Sample was concentrated at 1,3
mg/mL before gel filtration. Peak 1 and 2 were frozen in liquid nitrogen before storing them at
-80°C for two days, then, both peaks were thawed and injected to SEC. Samples were
solubilized with 2% digitonin, incubated with StrepTactin Superflow resin and were run in
SuperDex Increase 200 10/300 GL at a flow of 0.3 mL/min in Tris/NaCl buffer plus digitonin.

P1: peak 1, P2: peak 2.
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3.3 NEGATIVE STAINING EM

After all the optimization of the purification protocol and seeing that the protein could be
sent frozen, it was time to begin cryo-EM studies. The first thing that had to be done was

a negative staining.

Negative staining EM is a technique utilized to assess protein homogeneity and sample
concentration before proceeding to cryo-EM. It can be useful to visualize the overall
architecture of the protein complex (Gallagher et al., 2019). In negative staining, the
protein of interest is embedded to a grid and coated in an electron dense stain, usually
uranyl salts. Those areas occupied by the protein are not stained, giving a high contrast
visualization of the protein structure, which makes the protein to appear white in a

background of dark stain (De Carlo and Harris, 2011).

For the negative staining and cryo-EM we began to collaborate with the group of Dr
Oscar Llorca at CNIO (Centro Nacional de Investigaciones Oncolégicas) in Madrid. The
three peaks from the freezing/thawing experiment previously shown in Figure 79 were
sent to them and the PhD student Nayim Gonzalez Rodriguez performed the negative

staining.

Analysis of the three peaks showed the presence of enough particles to proceed with
the cryo-EM imaging obtention. A representative image of the grids and selected images
of single particles from all three peaks are shown in Figure 80, where it can be seen a
good distribution of micelle particles among all grids. Images acquired from the first peak
revealed an extra density around the micelles, which could correspond to GlialCAM.
These results indicated the possibility to obtain micelles with the complex MLC1-
GlialCAM in peak 1 and MLC1 alone in peaks 2 and 3.
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Figure 80. Negative staining for MLC1. The three peaks obtained from the SEC profile of
MLC1 purification were analysed. Representative images of the stained grids for the three
peaks (top) and a representation of single particles (bottom) are shown.

3.4 PRELIMINARY MLC1 STRUCTURE IN CRYO-EM

Cryo-EM is a structural biological method used to determine the tridimensional structure
of biomolecules. Briefly, the purified protein is applied to a glow-discharged grid to create
a hydrophobic environment where the protein will be attracted to. After removing the
excess buffer, the grid is plunged into liquid ethane which causes a fast-freezing process
and the formation of vitreous ice (Cabral et al., 2022). This process of vitrification
preserves the sample in its natural state, but also protects it from dehydration (Renaud
et al., 2018). Then, images are acquired at the rate of multiple frames per second using
a direct detector camera that allows per-pixel quantifications of electron dose. Since the
electron beam causes particles to move during image acquisition, the obtained particle
images need to be aligned and classified into several 2D class averages based on their
similar features and orientations. From this 2D classification, a 3D reconstruction can be
generated (Cabral et al., 2022).

Compared to X-ray crystallography, cryo-EM imaging requires less sample and does not
involve crystallization processes (Bai et al., 2015). Furthermore, cryo-EM revolutionized
the structural biology field since it enabled to obtain the structure of membrane proteins
or heterogeneous complexes, that are known to be difficult crystallization targets. For

instance, the structure of members of the TRP channel superfamily, that had failed to
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crystallize, were determined by cryo-EM in different functional states (Cheng, 2018). For
the success of cryo-EM in solving protein structures, samples need to be pure,
monodisperse, sufficiently concentrated, show random orientations, and not be

disassembled or aggregated (Orlova and Saibil, 2011).

After the first evaluation with negative staining, it was time to begin the analyses of our
protein at cryo-EM. For this, an expression of 3,5 L HEK293-6E cells co-transfected with
TwinStrep-MLC1 and Glial CAM-3xflag was prepared. After the purification of MLC1, we
obtained a sample concentrated at 2 mg/mL. The SEC profile is presented in Figure 81A.
Peaks 1, 2 and 3 were collected, concentrated at 1, 1.75 and 1 mg/mL, respectively.
Then, they were frozen in liquid nitrogen, stored at -80°C and sent to our collaborators
at CNIO.

Before sending the peaks, WB and silver stain were performed to corroborate that MLC1
could be detected, and the sample was not aggregated or contaminated. The silver stain
showed a faint band around 72 kDa compatible with GlialCAM and a more prominent
band at 36 kDa compatible with MLC1 (Figure 81B). The posterior WB validated that the
biggest band corresponded to GlialCAM, whereas the other one, to MLC1 (Figure 81C).
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Figure 81. MLC1 protein purification. A. SEC profile after TwinStrep-MLC1 purification
coexpressed with GlialCAM-3xflag. Sample was solubilized with 2% digitonin and purified
using StrepTactin resin. The eluted protein was concentrated at 2 mg/mL and injected in the
Superdex 200 Increase 10/300 GL at a flow of 0.3 mL/min in Tris/NaCl buffer plus digitonin.
The three peaks obtained were concentrated at 1, 1.75 and 1 mg/mL, respectively. B. SST of
the collected peaks C. WB of the collected peaks detecting GlialCAM (top) and MLC1 (bottom).

P: peak, GC: GlialCAM.
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It was decided to prepare cryo-EM grids with the second peak since it was the most
concentrated. The preparation of grids and the posterior processing was done by Nayim
Gonzalez Rodriguez. Grids made of different materials were analysed and Quantifoil Cu
300 mesh 0.6/1 grids that are made of copper were preferentially used. Grids were
observed in a 300 kv cryo-EM at LISCB (Leicester Institute of Structural and Chemical
Biology). 2D classification identified two population of particles: presenting or not
presenting extramicellar densities. Preliminary processing of the population lacking
extramicellar densities showed micelles in diverse orientations and faint protein densities
inside of them (Figure 82A). Side and top/bottom views could be observed in the 2D
averages being indicative of a homogeneous representation of all orientations. Top views
looked slightly triangular, being compatible with a trimer of MLC1. The population
presenting an extramicellar density consisted of only 10% of total particles and it was
compatible with the presence of GlialCAM (Figure 82B). The low number of micelles with
GlialCAM correlated with the low amounts of this protein seen in the silver stain gel. The
signal that protrudes from the micelle looked blurred, which could be indicating intrinsic

flexibility of the molecule.

After the classification and selection of 2D images, the 3D volumes were reconstructed
and the heterogeneous particles were classified in six different groups (Figure 83). The
grey and purple classes showed densities outside of the micelle, whereas the rest of

them seemed to only contain MLCA1.
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A
B

Figure 82. 2D averages from the second peak of MLC1 purification. A. 2D averages of the
population of particles that do not present any extramicellar density. B. 2D averages of particles
presenting extramicellar density.
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Figure 83. Whole dataset 3D classification. Six classes were found during 3D classification
represented in different colors each. Top (left) and side (right) views are represented.
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Further subclassification of both populations gave place to more detailed volumes. Slices
through the middle of the micelle showed some tubular density compatible with the
presence of transmembrane protein segments into the micelle (Figure 84). In both
subpopulations, a triangular shape is observed, which would be compatible with MLC1
forming a homotrimer. In the population containing extramicellar densities, the number
of particles was more limited and no extra density seemed to arise for the

transmembrane region of GlialCAM.
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Figure 84. Subclassification of subpopulations. A. Further subclassification of the micelle-
only subpopulation. Representative 3D volume after several iterations of 3D classification in
top (left) and side (centre) views. On the right, sliced view of the micelle. B. Further
subclassification of the extramicellar density subpopulation. Representative 3D volume after
several iterations of 3D classification in top (left) and side (centre) views. On the right, sliced
view of the micelle.

The obtained structures were compatible with resolutions in the range of 12.5-15 A which
were not enough to create a protein model. At that moment, refinement strategies failed
to obtain higher resolutions. However, with these results and using predicted structures
by AlphaFold2, rough fittings were performed for trimeric MLC1 alone and with GlialCAM.
These fittings served for the only purpose of checking whether the dimensions were what
we would expect for our protein of interest. The fittings are depicted in Figure 85. It
seemed that our preliminary 3D results were compatible with the predicted structure,

although further refinement and optimization were needed.
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Figure 85. Fitting of cryo-EM volumes with the predicted structures of AlphaFold2. A.
Fitting of the trimeric MLC1 and GlialCAM. B. Transversal slide of the 3D volume obtained by
cryo-EM fitted to the AlphaFold2 predicted structure.

Our collaborators at CNIO continued processing the dataset. Doing an extensive particle
cleaning of those particles that did not correctly align, they ended up with a group of
50,000 particles from the initial 4,500,000. Different reasons may be causing a bad
alignment, such as bad ice quality of the grid, partially denaturation of the protein or
alternative conformations. With this processing, the resolution of the volume obtained
was of 7.5 A. Still, it was not enough to see aminoacidic lateral chains, but at this
resolution the transmembrane helices began to appear clear. Using the trimeric MLCA1
model generated with AlphaFold, it was observed that MLC1 helices coincided with the

tubular densities from our volume (Figure 86).

Figure 86. Fitted model after dataset refinement. In blue the predicted AlphaFold2 model
is represented and in grey the experimental cryo-EM volume. Bottom (left), side (centre) and
top (right) views of trimeric MLC1 are illustrated.
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At that moment, the 3D resolution of the complex was hindered by two main problems:
concentration and heterogeneity. In regards of the first one, the low protein
concentrations obtained required taking huge datasets. Increasing the number of
particles per grid would ease the image acquisition. On the other hand, heterogeneity
was caused by the presence of different types of particles in the peak. Not only trimers
of MLC1 were found, but also trimers with GliaICAM and elongated micelles compatible
with MLC1 dimers.

Focusing on the concentration problem, we hypothesized that preparing cryo-EM grids
in fresh would increase the efficiency of the purification. This means that the protein
would be purified the same day as the preparation of grids, without freezing it. Our
hypothesis was also based on the freeze/thaw experiment previously shown (Figure 79),
where it was suggested that part of the purified protein was lost during the freezing

protocol.

To test the hypothesis, a 9 L HEK293-6E culture was generated by the Protein
Expression Core Facility at IRB and it was co-transfected with TwinStrep-MLC1 and
GlialCAM-3xflag. After 48 hours post-transfection, cells were centrifuged and the pellet
was frozen. The preparation of membranes, protein purification and grid preparation
were done by Nayim Gonzalez Rodriguez and | at CNIO on the same day. From this big-
scale purification, we obtained 8 mg/mL of protein that was injected twice for gel filtration
in a volume of 50 and 100 uL. Immediately, fractions were collected and grids prepared
for the image acquisition at cryo-EM. The SEC profile from this purification is exposed in
Figure 87A. On top view, 2D averages of MLC1 showed clearly the triangular shape of
the micelle as it was previously observed and further confirming the formation of a
homotrimer (Figure 87B). Only 10% of all particles presented MLC1 with an extra-
micellar density, compatible with being GlialCAM (Figure 87D). This density appeared
blurry, suggesting that this molecule had some mobility. Again, using the predicted
AlphaFold model we could observe that it properly fitted our cryo-EM volume (Figure
87C). Unfortunately, the structural resolution did not improve with this fresh expression

and we still had our model at 7 A.
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Figure 87. Fresh MLC1 purification. A. SEC profile of TwinStrep-MLC1 purification
coexpressed with GlialCAM-3xflag. A 9 L cell expression was solubilized with 2% digitonin and
purified using StrepTactin Superflow resin. The elution was concentrated, divided in two
volumes (50 and 100 uL) and injected to AKTA for gel filtration. The column used was
SuperDex 75 Increase 3.2/300 at 0.5 mL/min flow rate in Tris/NaCl buffer plus digitonin. B. 2D
averages of MLC1 trimer in top and side views. C. Fitted model of our cryo-EM data with the
AlphaFold predicted structure (in blue). D. 2D averages of those particles containing
GlialCAM.

3.5 IMPROVING PROTEIN LEVELS

Since the obtention of good amounts of protein was difficult, changing the expression
system was studied. Instead of transfecting mammal cell lines (HEK293-6E), we
explored using baculovirus-mediated gene expression as it has become more popular in
recent years especially to produce membrane proteins. We tested the baculovirus
infecting insect cells system and the modified baculovirus (BacMam) to infect mammal
cells. The reasoning behind testing both methods was that on one hand, expressing in
insect cells would yield higher protein quantities, but the cellular environment would be
different than the native one. On the other hand, using BacMam technology, the cellular
environment would resemble more the native one, but the quantity of protein obtained
would be less than in the insect cells. Still, the efficiency of BacMam was expected to be

higher than transfecting cell lines.
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3.5.1 BACULOVIRUS FOR MLCA1

For the baculovirus expressing MLC1 and GlialCAM, our collaborators at CNIO
generated the viruses. Nayim Gonzalez Rodriguez infected a Sf9 insect cell culture with
the baculoviruses and confirmed MLC1 and GlialCAM protein expression via WB (Figure
88).

Baculo used MLC1 GlialCAM + MLC1
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Figure 88. MLC1 and GlialCAM expression in insect cells. Cells were
collected at 27, 52, 76, and 96 hours post-infection. Protein extracts were loaded
into an acrylamide gel for WB analysis using anti-strep and anti-flag antibodies.

After this first test, a large-scale purification was proceeded where it was determined that
MLC1 could be purified using baculovirus as the expression system (Figure 89). Then,
another expression was set up to purify MLC1 following the same conditions as before.
In this case, the purified protein was reconstituted in amphipols before preparing the
cryo-EM grids. With this dataset, a resolution around 6-8 A was obtained, so, the results
were promising since with less material a similar resolution than the one we previously
had was achieved. Similarly to the other structural determination, MLC1 was forming a
trimeric structure. At that time, another dataset was scheduled and the results should be

analysed in the near future.
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Figure 89. MLC1 purification using baculovirus system expression. Cells were co-
infected with MLC1 and GlialCAM baculovirus. After, cells were collected and cell membranes
were prepared. Then, the sample was solubilized and afterwards, the protein was purified.
Coomassie staining (left) revealed two main bands at 37 kDa approximately and at 75 kDa
corresponding to MLC1 and GlialCAM (or dimeric MLC1), respectively. WB analysis using
anti-strep antibody established that MLC1 was solubilized and it could be purified.

S: solubilized, I: insolubilized, FT: flowthrough, E: elution.

3.5.2 BACMAM VIRUS FOR MLC1

For the BacMam system set up, we collaborated with the group of Dr. Beatriz Herguedas
at BIFI (Instituto de Biocomputacion y Fisica de Sistemas Complejos) in Zaragoza.
BacMam technology is previously explained in the Materials and Methods of this thesis

(see Section 1.4).

First, MLC1 and GlialCAM were cloned into two donor vectors that contained GFP and
mCherry genes, respectively. For its obtention, traditional cloning using restrictive
endonucleases was employed. Once we had the plasmids, they were transfected into
HEK293T cells to confirm that the proteins were being expressed before generating the
bacmid. 48 hours post-transfection, cells were lysed and protein extracts were obtained
for a WB analysis. Results are presented in Figure 90, where it can be observed that
both proteins are expressed at higher levels than the expression plasmids used routinely

in our laboratory for cell transfection.
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Figure 90. MLC1 and GlialCAM expression in BacMam donor vectors. \WB
detecting MLC1 (left) and GlialCAM (right) from transfected HEK293T cells.

NT: not transfected, TS: TwinStrep, GC-f: Glial CAM-3xflag.

Once the donor vectors were ready, we transformed the plasmids for the obtention of the
bacmid using DH10Bac E. coli strain. The grown colonies were picked and the bacmid
was isolated. With the generated bacmids we went to the lab of Dr. Beatriz Herguedas
for the transfection of Sf9 insect cells in order to produce the recombinant BacMam virus.
This work was performed by the PhD student Irene Sanchez Valls. Briefly, after the
transfection of Sf9 cells with both MLC1 and GlialCAM plasmids, the fluorescence of the
culture was checked as an indicator of transfection rate. Once the transfection was high
(after 7 days), cells were centrifuged and the virus was stored. The viral particles were
used then for infecting the Sf9 cell culture, after 7 days, the virus was collected again.
This process was done twice to obtain the P2 virus. With the P2 MLC1 and GlialCAM
virus, we infected adherent and suspension HEK cells in our laboratory. One of the key
points for a successful protein expression is to determine the optimal time of expression.
So to assess this, we infected cells with the new BacMam virus and we incubated cells
for 32, 48 and 72 hours. WB analysis of protein extracts established that the highest

protein expression was at 72 hours post-infection (Figure 91).
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Figure 91. Time course of MLC1 and GlialCAM protein expression in BacMam infected
HEK cells. WB detecting MLC1 (left) and GlialCAM (right) from transfected HEK293T and
HEK293-6E cells. Cells were collected at 32, 48 and 72 hours.

Having established the time of infection, we decided to carry out a small protein
purification with the BacMam system expressed protein. For this experiment, we infected
HEK293-6E cells with both MLC1 and GlialCAM encoding virus. After 72 hours, cells
were centrifuged and the pellet was split in two parts to do two purifications in parallel
using either DM or digitonin. In Figure 92, the WB of the purification process is shown.
In both purifications (with DM and digitonin), MLC1 was detected in the total protein,
solubilised and eluted fractions concluding that the protein can be expressed in the
BacMam system and purified. Nevertheless, in the WB detecting GlialCAM, the protein
weighted around 55 kDa, instead of the expected 72 kDa, which suggested that the
protein is found in an immature form. Due to lack of time and material, further

experiments could not be carried out.
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Figure 92. MLC1 protein purification using BacMam system expression. WB detecting
MLC1 (left) and GlialCAM (right) from infected HEK293-6E cells. Protein purification was done
using DM (top) and digitonin (bottom).

3.6 SOLVING ORIENTATION PROBLEM

After the first cryo-EM analysis, it was concluded that solving MLC1 protein structure
would be challenging as this protein does not have any extra-micellar feature that could
help orientating the particles. Although MLC1 purification was done in presence of
GlialCAM, which has an extracellular domain, the number of particles containing this

protein was small. Moreover, GliaICAM showed some flexibility.

Since we had seen that incrementing the amount of protein did not favour the structural
resolution, not even working with freshly purified protein, we decided to focus on finding
a method to orientate particles. Particle orientation is a common problem when working
with membrane proteins because they are embedded in detergent micelles. To solve this
problem, antibodies (Fabs) can be used as fiducial marks to facilitate protein orientation
(Wu et al., 2012).
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In this project, two parallel strategies were followed aiming to solve the orientation
challenge. On one hand, we worked with a semi-synthetic antibody (sAB) that recognized
the fusion protein BRIL which was fused to our protein of interest. On the other hand, we
developed nanobodies against MLC1. Both strategies are based on the same principle

of binding a particle (sAB or nanobody) rigidly to our protein of interest for orientation.

3.6.1 BRIL

BRIL is an engineered variant of apocytochrome b562 that weights 12 kDa. It consists of
a rigid helical domain that makes it suitable for fusions in the loops connecting a-helices
of membrane proteins, but also in the N- and C- termini. The development of sABs
against the fusion protein BRIL facilitates the accurate orientation of the proteins. It was
demonstrated that BAG2 sAB can bind to BRIL fused into loops or termini of different
GPCRs, ion channels, receptors, and transporters without disrupting their structure
(Mukherjee et al., 2020).

3.6.1.1 CLONING AND PURIFICATION

In regards of the cloning strategy, we decided to eliminate the third intracellular loop of
MLC1, which is the biggest one, and substitute it for the BRIL sequence. Although BRIL
has also been successfully added into the N- or C- termini of other proteins, we made
the decision to insert it into a loop as we thought it might be more constrained and less

flexible this way.

Firstly, the new construct was cloned into an expression vector. We used the TwinStrep-
MLC1 plasmid as a template and we cloned the BRIL sequence by removing the third
intracellular loop. Afterwards, it had to be assessed whether MLC1 fused to BRIL was
expressed and could be purified. WB analysis confirmed that the new protein was being
expressed (Figure 93A). In immunocytochemistry assays, it was observed that in
transfected cells, MLC1-BRIL was located similarly to MLC1 WT. The co-transfection with
GlialCAM showed that MLC1-BRIL was enriched at cell-cell junctions as MLC1 WT
(Figure 93B). Using StrepTactin resin and working with the same conditions as the
purification of TwinStrep-MLC1, we confirmed that TwinStrep-MLC1-BRIL could also be
purified (Figure 93C).
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Figure 93. TwinStrep-MLC1-BRIL is expressed and can be purified. A. WB detecting
MLC1 of TwinStrep-MLC1-BRIL from transfected HEK293T cells. B. Immunocytochemistry of
TwinStrep-MLC1-BRIL in HeLa cells showing the same phenotype than MLC1 WT. Scale bar:
20 ym. C. WB of the purification of TwinStrep-MLC1-BRIL compared to TwinStrep-MLC1.
MLC1 and GlialCAM were both detected using anti-N4 and anti-flag antibodies, respectively.

TS: TwinStrep, GC: GlialCAM, TP: total protein, S: solubilized, FT: flowthrough, W: wash, E:
elution

3.6.1.2 BAG2 RECOGNIZES MLC1-BRIL

After the expression assessment, it was time to analyse whether the sAB BAG2 would
recognize our protein. For this, the following experiment was designed. HEK293T cells
were transfected with TwinStrep-MLC1-BRIL plus GlialCAM-3xflag. After the purification
of TwinStrep-MLC1-BRIL, the protein was incubated with BAG2 for 1 hour. Later, the
sample was incubated with CaptoL resin. CaptoL has a strong affinity for the variable
region of antibody kappa light chain, which makes this resin suitable for the capture of a
wide range of antibody fragments. Once it was time to elute, a sample of the flowthrough
and elution fractions were collected and loaded into an acrylamide gel for detecting the
sAB and MLC1 via WB. If BAG2 binded MLC1-BRIL, the protein should be detected on
the elution of the CaptoL resin. On the contrary, if the sAB could not bind to it, MLC1
should be detected on the flowthrough. On Figure 94A a scheme of the experimental
approach is shown. The obtained results are presented in Figure 94B-C where it is seen
that MLC1 was found in the elution fraction, meaning that BAG2 was binding to MLC1-
BRIL.
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Figure 94. TwinStrep-MLC1-BRIL purification incubated with BAG2. A. Schematic
representation of the purification process. Once MLC1 was purified with our standardized
protocol, the sample was incubated with BAG2 for 1 hour. Then, it was incubated with CaptoL
resin. A fraction of the flowthrough and elution were kept for posterior WB analysis. B. WB of

the different fractions incubated with anti-N4 (top) and anti-IgG (bottom) to detect MLC1 and
BAG2, respectively.

TS: TwinStrep, GC: GlialCAM, FT: flowthrough, E: elution.

To further confirm this result, another experiment with BAG2 was set up. Again, HEK293T
cells were co-transfected with TwinStrep-MLC1-BRIL and Glial CAM-3xflag. MLC1-BRIL
was purified, incubated with BAG2, and this time, a gel filtration was done. A sample
containing only BAG2 was also analysed for SEC. Knowing that in both samples BAG2
was present at the same concentration, a decrease of the peak corresponding to the
sAB in the protein sample would mean that there was part of it that was binding to the
protein. Affirmatively, a reduced peak was observed and it was confirmed via WB that
BAG2 was present in the same peak as MLC1-BRIL (Figure 95). In conclusion, it was
determined that BAG2 did recognize the protein TwinStrep-MLC1-BRIL. Afterwards, we
collected the last fraction from the first peak seen in the WB and sent it to our
collaborators at CNIO. The choice of this fraction was based on the fact that it contained
both MLC1 and BAG2 and there was the highest concentration of MLC1.
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Figure 95. BAG2 recognizes MLC1-BRIL. A. SEC profile of BAG2 alone or with purified
TwinStrep-MLC1-BRIL. A 1L cell culture expression was solubilized with 2% digitonin and purified
using StrepTactin Superflow resin. The elution was concentrated to 1 mg/mL in a volume of 55 pL,
incubated 1 hour with BAG2 at a ratio of 1:1.2 protein: antibody, and injected to AKTA for gel
filtration. The column used was Superose 6 Increase 5/150 at 0.3 mL/min flow rate in Tris/NaCl
buffer plus digitonin. B. WB of the collected fractions from the SEC detecting MLC1 (top) and BAG2
(bottom). Both molecules are present in the same fractions from the second and third peak.

V: void, P1: peak 1, P2: peak 2: P3: peak 3.

3.6.1.3 NEGATIVE STAINING

Before putting the protein in grids, Nayim Gonzdalez Rodriguez performed a Coomassie
staining to assess the purity of the purified protein. As seen in Figure 96A, the gel
appeared clear with two prominent bands. One band between 20-30 kDa corresponded
to BAG2 and another one around 45 kDa consistent with MLC1-BRIL. At 70 kDa
approximately, a light band can be seen which might correspond to GlialCAM. Since the

sample had good purity, the negative staining was executed.

The grids presented a good distribution of particles and many contained spikes coming
out of a round shape, consistent with BAG2 binding MLC1-BRIL. In the 2D classification,
different stoichiometries were observed from one to three subunits of BAG2 (Figure 96B).
These results were consistent with previous datasets showing different sizes of particles

consistent with various oligomeric states of MLC1.
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Figure 96. Negative staining for MLC1-BRIL with BAG2. A. Coomassie staining of a SEC
fraction containing both MLC1-BRIL and BAG2 as seen previously in a WB. B. 2D
classification of MLC1-BRIL with BAG2. In purple, some particles presenting two or three
BAG2. In green, some particles with only one BAG2. C. Preliminary 3D reconstruction of
MLC1-BRIL and BAG2.

3.6.1.4 CRYO-EM ANALYSIS

Since the images from the negative staining looked promising and keeping in mind the
need of high concentration material for cryo-EM imaging, it was decided to express larger
volumes of MLC1-BRIL. These large purifications were done by Nayim Gonzalez
Rodriguez and | at CNIO.

Two big-scale purifications of 3 and 5 L, respectively, were solubilized with 2% digitonin

and purified using StrepTactin resin. Then, the samples were concentrated, incubated
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with BAG2 and injected for gel filtration. From this, the most concentrated samples were

collected and a thorough grid screening followed.

Analysing the cryo-EM dataset, BAG2 was clearly observed, but there was heterogeneity
regarding the number of sABs binding the protein. Thus, instead of solving the alignment
problem, BRIL strategy had worsened it. It seemed that the BRIL tag was flexible which
was complicating the alignment. Seeing that the BRIL fused strategy did not work, we

decided to focus on finding a nanobody that would specifically recognize MLC1.

3.6.2 NANOBODIES OBTENTION

Nanobodies are small (15 kDa) and stable single-domain fragments of the heavy chain-
only antibodies that naturally occur in the immune system of camelids. They have access
to cavities or clefts on the surface of proteins that are often inaccessible to conventional
antibodies (Uchanski et al., 2020). Nanobodies present a series of characteristic that
make them suitable for structural biology field. They are small, easily produced and
exhibit superior stability compared to Fabs. They are protease resistant and thermos-
resistant, although they show a propensity to aggregate under thermal stress
(Muyldermans, 2021). Besides being a powerful tool in protein research, they are also

studied for diagnostic and therapeutical applications (Jin et al., 2023).

One of the main limitations of cryo-EM imaging is that it is difficult for small proteins (<
100 kDa) because its membrane-embedded nature impedes the alignment for high-
resolution reconstructions. However, the development of nanobody technology has
partially overcome this problem since they help orientate the target protein. Furthermore,
they serve as fiducial markers for particle localization and alignment (Wentinck et al.,
2022). To this aim, many protein structures have been solved using these particles. For
instance, the structure of different inactive-state family A GPCRs has been solved at high
resolution by using nanobodies binding an intracellular loop (ICL3) of the GPCR
(Robertson et al., 2022).

In another study, a nanobody was developed to stabilize the agonist-bound (32
adrenergic receptor to Gs by inhibiting their dissociation. With this, the crystal structure
of the complex was obtained (Rasmussen et al., 2011). Later, the same nanobody was
used to solve the cryo-EM structures of the adenosine A2a (Garcia-Nafria et al., 2018),
GLP1 (Liang et al., 2018, Zhang et al., 2017b) and PTH1 (Zhao et al., 2019) receptors

coupled to either Gs alone or together with B-arrestin. Apart from solving protein
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structures, the development of nanobodies can also serve the purpose of inhibiting the

protein function by binding to specific domains (lrobalieva et al., 2023).

3.6.2.1 SAMPLE PREPARATION FOR IMMUNIZATION

For the llama immunization, purified protein is needed. It is crucial that the protein
maintains its native conformation throughout the immunization procedure. For this
reason, reconstitution of proteins is typically performed under a lipid environment:
phospholipid vesicles or a very tight binding detergent. Three different procedures were
done trying to obtain enough purified protein. The first one was to use the detergent DDM
for the purification. The other options contemplated purifying with digitonin, but

afterwards transferring the protein into amphipols or liposomes, respectively.

DDM PROTEIN PURIFICATION

The choice of DDM was based on the fact that this detergent has a very low CMC
(0.0087%), meaning that the micelles are able to form at very low concentrations. This
reduces the detergent- protein complex disintegration once the sample is injected into
the animal. Moreover, DDM is a non-ionic detergent and it creates large micelles which

might help to maintain the stable native state of many proteins (Stetsenko, 2017).

For this purification, 500 mL of HEK293-6E cell culture transfected with TwinStrep-MLC1
was solubilized 1 hour with 1% DDM plus 0.2% CHS. Then, the sample was incubated
with StrepTactin resin and eluted using desthiobiotin. The purified protein was

concentrated and injected for SEC.

Analysing the SEC profile, it was observed that the protein was aggregated because it
was present in the column void (Figure 97). We discarded this option for the
immunization. These purification conditions were only tried once, it might be possible to
purify MLC1 using DDM with an optimization of the protocol. Furthermore, Dr. Efren
Xicoy-Espaulella could purify MLC1 with DDM when he was screening the detergent to
work with. Although in his case, the construct analysed was not TwinStrep-MLC1, but

MLC1-3C-GFP-10His, which might change the optimal purification conditions.
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TwinStrep-MLC1 purification with DDM+CHS

10

-]
1

Abs 280nm (mAus)

o

T T T 1
0 5 10 15 20 25

Volume (mL)

Figure 97. SEC profile of TwinStrep-MLC1 purification. Sample was
concentrated at 0.2 mg/mL in a volume of 250 L before gel filtration and
run in SuperDex Increase 200 10/300 GL at a flow rate of 0.4 mL/min in
Tris/NaCl buffer plus detergent.

AMPHIPOLS

Amphipols are amphipathic polymers that are able to keep individual membrane proteins
soluble in their native state under the form of small complexes (Popot et al., 2011). They
have been used to complex and keep membrane proteins soluble. In some cases,
membrane proteins in amphipols are more stable than in detergent solution, which has
led to large variety of structural and functional studies (Perimutter et al., 2014). A8-35 is
the mostly used amphipol, it is highly soluble in water and it self-associates to form small,

compact, hydrated particles with an average weight of 40 kDa (Gohon et al., 2006).

We decided to reconstitute MLC1 in amphipols as an option for llama immunization. To
do so, 1 L of HEK293-6E transfected with TwinStrep-MLC1 was purified. Then,
amphipols were added to the purified protein in a ratio of 1:5 protein: amphipol and
incubated on ice. Polystyrene beads were added to capture the remaining detergent and
the sample was dialyzed O/N. After this time, the protein was injected for gel filtration.
The SEC profile presented a symmetric and well-defined peak, which was confirmed to
be MLC1 via WB (Figure 98A-B). Silver staining was also performed to assess the purity
of the purified protein (Figure 98B). A band of 36 kDa approximately was detected in the
gel corresponding to MLC1. A very light band was also observed around 72 kDa which
could be MLC1 forming a dimer. Apart from these bands, the sample did not contain any
other proteins. With this experiment, it was concluded that MLC1 could be reconstituted

in amphipols.
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Figure 98. MLC1 reconstitution in amphipols. A. SEC profile of MLC1 reconstituted in A8-
35 amphipols. After protein purification, amphipols were added in a ratio of 1:5 protein:
amphipols and incubated 30 minutes on ice. Then, bio-beads SM-2 adsorbent were added
considering 20 g of wet beads for 1 g of protein and incubated 1 hour. O/N dialysis against
100 mM Tris- 150 mM NaCl buffer was performed before injecting the sample for gel filtration
using column SuperDex Increase 200 10/300 at a flow of 0.3 mL/min in Tris/NaCl buffer. B.
SST (left) and WB detecting MLC1 (right) of the collected fractions from the SEC profile. C.
SEC profile comparing the fresh sample with the protein that had been frozen and thawed.
Samples were run in SuperDex Increase 200 10/300 at a flow of 0.3 mL/min in Tris/NaCl

buffer.
P1: peak 1.

Nevertheless, considering that the purified protein had to be shipped, it was necessary
to determine whether cycles of freezing and thawing affected the viability of the protein.
With this aim, the previous sample of purified MLC1 reconstituted in amphipols was
frozen in liquid nitrogen and stored at -80°C. After a couple days, the sample was thawed,
filtered, and injected for gel filtration (Figure 98C). In this case, the protein peak
previously seen was not visible, implying that the protein had denatured. Accordingly, we
had to discard amphipols for the llama immunization. It is worth noting that most proteins
need glycerol when freezing/thawing and we did not add it. It might be possible that, by
adding glycerol before freezing, MLC1 reconstituted in amphipols can be frozen and

thawed without degrading. Due to limited protein material more tests were not carried

out.
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PROTEOLIPOSOMES

Lastly, the reconstitution of MLC1 in liposomes was attempted as the only option
available once the other two had failed. Liposomes are small sphere-shaped vesicles
composed of a phospholipid bilayer, which may form spontaneously in aqueous media
(Singh, 2019, Mangala Rao and Carl, 2000). Its similarity to cell membranes makes them
useful for the study of membrane proteins inserted into them. Proteoliposomes are

liposomes to which a protein has been incorporated or inserted (Ciancaglini et al., 2012).

The incorporation of proteins into liposomes can provoke inward and outward-facing
protein conformation in a variable percentage. For this reason, there is a need to verify
that the reconstitution procedure has yielded the correct orientation of the protein with
the analysis of its functional activity (Ciancaglini et al., 2012). In our case, we did not
have a functional assay for MLC1 since we did not know its physiological function. Thus,
to assess the proper proteoliposome reconstitution, a sucrose gradient was done where
the liposomes were separated depending on its size (Sanchez-Lopez et al., 2009). This
method enables to distinguish between aggregated and reconstituted protein, since the
aggregated will appear in the pellet. The density sucrose gradient was made by piling
progressively sucrose layers of different concentrations into an ultracentrifuge tube, from
the densest to the less dense. Previously purified protein was used for this experiment.
After the ultracentrifugation, the fractions were collected and analysed via WB where
MLC1 was detected in different fractions, but not in the pellet, meaning that the protein

was not aggregated (Figure 99).

MW (kDa) o,
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3 8 13 18 23 28 35 45 65 P
250-m 3 . .
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Figure 99. MLC1 reconstitution in liposomes. WB of sucrose gradient fractions detecting
MLCA1. P: pellet.
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3.6.2.2 PHAGE DISPLAY PANNING

Once we had successfully sent our protein reconstituted in liposomes, our collaborators
at VIB-VUB Structural Biology Research Centre in Brussels immunized a llama with it.
The immunogen administration lasted for six weeks, at the interval of one injection per
week. After the last immunization, blood was collected from which PBLs were isolated.
RNA was extracted and synthesized to cDNA. From the cDNA, the variable domains of
immunoglobulin heavy chains were amplified via PCR and cloned into a phage display

vector.

For the phage display panning, | assisted to the Workshop Nanobody4Instruct Training
Course funded by Instruct-ERIC at VIB-VUB Centre for Structural Biology in Brussels.
Phage display methodology is previously explained in the Methodology of this thesis (see
Section 3.12). Briefly, the phage library with all cloned nanobodies was put into contact
with the antigen. Different antigen presentation methods were tried for the phage
selection, including coating with the antigen, coating with the tag and capturing the

antigen with magnetic beads.

COATING WITH MLC1

MLC1 reconstituted in liposomes was coated on ELISA plates for selection by phage
display. Later, the phage library was added and after 2 hours of incubation, the wells
were trypsinized and TG1 cells were infected with the trypsinized product. Then, the
output was titrated to estimate the enrichment of the first phage display round. In Figure
100A, the results from the phage titration are presented. It can be observed that the
samples coated with MLC1 presented more colonies than the control (without coating).
Counting colonies from each group, the number of total output phage was calculated
correcting for the dilution factor and for the output volume. In this case, the number of
total output phage was 350 times greater in the coating conditions than the control, this

is called enrichment and it is a value for the phage specificity.

257



CHAPTER 3

COATING WITH ANTI-TWINSTREP

In this case, plates were coated with anti-TwinStrep and later incubated with TwinStrep-
MLC1 reconstituted in liposomes. Similarly to the MLC1 coating, TG1 cells were infected
with the output phage and a titration was done. In Figure 100B the titration is shown. An

enrichment of 30 was obtained.

CAPTURE OF MLC1 WITH BEADS

StrepTactin magnetic beads were put in contact with MLC1 proteoliposomes, then, input
phages were added and after that they infected TG1 cells. Output phage titration is
depicted in Figure 100C. In this case, two rounds of phage display were performed
increasing the enrichment of the output phage. The enrichment was 3 on the first round

and 83 on the second one.

After testing three different antigen capture for phage display, it was observed that the
enrichments were variable depending on the methodology used. Since the highest
enrichment was obtained coating with MLCA1, its output was employed for the following

steps.
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Figure 100. Antigen presentation in phage display panning for MLC1. A. Titration of phage
display selection coating with TwinStrep-MLC1 reconstituted in liposomes. B. Titration of phage
display selection coating with anti-TwinStrep antibody. C. Titration of phage display selection with
StrepTactin magnetic beads, two phage display rounds were done. ®: phages.
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3.6.2.3 ELISA SCREENING

After panning, 96 individual clones from the selection output were picked and expressed
in E. coli. An ELISA assay was performed to screen for target specificity. The nanobody
binding was detected by incubating with an anti-mouse-AP conjugate. Results from the
spectrophotometer reader after an O/N incubation are presented in Table 13. In dark
green, values higher than 2.5-fold compared to the control group (no antigen coating)

are marked. These nanobodies were considered positive for binding MLC1.

3.6.2.4 SEQUENCE DETERMINATION

Those positive nanobodies were sequenced via PCR using the primer MP57. PCR
products were analysed via gel electrophoresis and a fragment of approximately 700 bp
was observed corresponding to the nanobody. Afterwards, a PCR cleanup protocol was
done and samples were sent for sequencing. Once we had obtained the sequencing
results, a DNA alignment was performed with the objective of classifying nanobodies into
sequence families. Nanobodies are considered of belonging to the same sequence
family when they present a high similarity in their CDR3 sequence, considering an identic
length and > 80% of sequence identity. Nanobodies from the same family derive from
the same B-cell lineage and bind to the same epitope on the target (Pardon et al., 2014).
Our sequence alignment is presented on Figure 101. From the 27 positive nanobodies
obtained in the ELISA screening, and after classifying them into families, we ended up
with 21 different nanobodies from 10 different families. The chosen 21 nanobodies were
labelled with a two-digit code and were sent to our laboratory for the posterior expression,

purification, and testing.
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Well Ag No Ag Well
0.15 A7
0.17 B7
0.16 Cc7
0.15 D7
0.16 E7
0.15 F7
0.14 G7
0.15 H7
0.16 A8
0.14 B8
0.14 c8
0.15 D8
0.15 E8
0.14 F8
0.17 G8
0.15 H8
0.18 A9
0.15 B9
0.13 C9
0.17 D9
0.16 E9
0.14 F9
0.14 G9
0.16 H9
0.15 Al10
0.14 B10
0.14 C10
0.14 D10
0.14 E10
0.14 F10
0.13 G10
0.16 H10
0.14 All
0.14 B11l
0.14 Cl1
0.16 D11
0.13 E1l1l
0.14 F11
0.14 G1l1
0.14 H11l
0.13 Al2
0.14 B12
0.14 C12
0.20 D12
0.13 E12
0.14 F12
0.18 C .

BLK 0.24 0.13 BLK 0.24 0.15

Table 13. ELISA target
specificity assay. 96 single
clones from output selection
were grown and screened via
ELISA for their putative binding
to the target. MLC1 (antigen)
was coated into 96-well ELISA
plates and periplasm extracts
were incubated later. A biotin
anti c-tag conjugate was pre-
incubated with streptavidin and
added to the samples. Lastly,
DNPP was added to detect the
interaction between the
antigen and the nanobody. The
plate was read after 45, 90 and
140 minutes without any signal
(not shown). Results shown
were obtained after an O/N
incubation protected from light
at RT. In light green, the cells
with 1.5-fold versus the control
are marked. In green and in
dark green, the values with 2-
fold and 2.5-fold, respectively
are marked.

Ag: Antigen, C: control, BLK:
blank.
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3.6.2.5 NANOBODY EXPRESSION AND PURIFICATION

To begin working with the nanobodies, firstly they had to be expressed and purified.
Therefore, nanobodies were transformed into E. coli WK6 strain and grown in TB
supplemented with glucose, MgCl, and ampicillin. Once bacteria had reached an ODeoo
of 0.7, the nanobody expression was induced with IPTG for 4 hours. Afterwards, bacteria
were centrifuged and from the cell pellet, the nanobody was purified. To this end, Ni/NTA

resin was utilized as nanobodies present a His-tag.

After the purification of all nanobodies, a WB and SST were performed to validate that
the purified product contained the nanobody and that it was not contaminated with other
molecules. WB and SST for all nanobodies are presented in Figure 102. We detected a
band at 28 kDa corresponding to the nanobody. In the silver stain, in the vast majority of
nanobodies some thin upper bands could be detected which might correspond to other

proteins binding non-specifically to the resin.
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Figure 102. Nanobodies purification. A. WB of the 21 purified nanobodies, the antibody
used was anti-His conjugated with HRP. B. SST of the 21 purified nanobodies.

NB: nanobody
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SEC was also performed to assess the purity of the obtained nanobodies. After their
purification, nanobodies were injected for gel filtration in a Superose 6 Increase 5/150 at
0.4 mL/min. The obtained profiles are shown in Figures 103-104-105. Nanobodies were
injected at different concentration, depending on the concentration obtained during
purification. The injected concentration varies from 0.56 to 3.7 mg/mL and it is written on
top of all SEC graphs. All of them presented well defined peaks. Some of them, for
instance nanobodies 65, 68 and 70 showed two separated peaks which might be
produced by the formation of homodimers. Interestingly, not all nanobodies weighted the
same since the peaks appeared at different volumes. In most of them, the main peak
was localized before the 3 mL, but in some of them, for example, in nanobodies 67 or

71, the main peak appeared after the 3 mL volume.
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Figure 103. SEC profiles of Nanobodies purification. SEC profile of nanobodies 64, 65,
66, 67, 68, 69 and 70. Samples were run in Superose 6 Increase 5/150 at flow rate of 0.4

mL/min in Tris/NaCl buffer.
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Figure 104. SEC profiles of Nanobodies purification. SEC profile of nanobodies 71, 72,
73, 74, 75, 76 and 77. Samples were run in Superose 6 Increase 5/150 at flow rate of 0.4

mL/min in Tris/NaCl buffer.
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Figure 105. SEC profiles of Nanobodies purification. SEC profile of nanobodies 78, 79,
80, 81, 82, 83 and 84. Samples were run in Superose 6 Increase 5/150 at flow rate of 0.4

mL/min in Tris/NaCl buffer.
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3.6.3 NANOBODY BINDING TO MLCA1

After the expression and purification of all nanobodies, our objective was to detect
whether they would specifically recognize MLC1. It is important to notice that the
immunization procedure and the selection of nanobodies were done with the protein
reconstituted in liposomes and we were using detergents for protein purification. It was
possible that some nanobodies could bind to MLC1 in proteoliposomes, but not in
detergent micelles as the protein areas exposed may differ. Since we had 21 different
nanobodies and all of them had to be tested, we needed a simple experiment that could

be easily reproducible without requiring huge quantities of protein.

Two different strategies were followed. Firstly, we set up a double purification where
MLC1 was purified as usual, but then the protein was incubated with a nanobody and
the sample was put into contact with Ni-NTA resin and eluted. This resin contains nickel
that has affinity for the His-tag fused to the nanobodies. If the nanobody can recognize
MLC1, they should be both detected on the elution fraction, whereas if the nanobody
does not bind to it, MLC1 should be detected on the flowthrough fraction. For protein

detection on the different fractions, WB analysis was performed.

The other strategy was based in generating the construct TwinStrep-MLC1-VFP that
would allow us to read fluorescence levels of the protein. The main advantage of using
a fluorescent tag is that FSECs require small quantities of protein and it allows for a
rapidly analysis of expression levels and changes in the profile. In this case, after the
protein purification, the peak obtained for FSEC was collected and incubated with
nanobodies. Then, samples were injected again for gel filtration. FSECs were compared
trying to detect shifts on the profiles compatible with an increased weight due to the
binding of a nanobody. A scheme of both experimental designs is represented in Figure
106.
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Figure 106. Scheme of the experimental designs followed for testing nanobodies. A.
Purification of MLC1 followed by Nb purification. B. Purification of MLC1-VFP and posterior
FSEC analysis.

TS: TwinStrep, Nbs: nanobodies, FT: flowthrough, E: elution, WB: Western blot, FSEC:
Fluorescent size exclusion chromatography.

3.6.3.1 DOUBLE PURIFICATION

HEK293T cells were transfected with TwinStrep-MLC1 and GlialCAM-3xflag. 48 hours
post-transfection, cells were centrifuged and solubilized with digitonin. After
centrifugation and resin binding, the sample was eluted. The purified protein was split in
equal parts and incubated one hour with different nanobodies each. Then, the sample
was incubated with Ni-NTA resin, washed, and eluted with imidazole. A fraction of
flowthrough and elution were loaded into an acrylamide gel for detecting both MLC1 and

the nanobody via WB.

This experiment was repeated with different Nb. In Figure 107A, the tested nanobodies
were 67, 68 and 69. MLC1 was detected on the elution fraction of all nanobodies. In the
negative control without nanobody incubation (-), MLC1 was solely detected on the

flowthrough. As expected, nanobodies were detected on the elution fraction as well.
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Since MLC1 in all the Nb condition was present in the elution fraction, we could conclude

that these nanobodies did recognize the protein.

Later, nanobodies 70, 71 and 72 were also tested as depicted in Figure 107B. In this
case, MLC1 was identified in all fractions, mostly on the flowthrough in all conditions.
However, as the signal on the elution fraction on the control is lower than the signal from
the elution fractions of nanobodies 70 and 71, we concluded that these nanobodies might
as well recognize MLC1. Both nanobodies were not detected on the WB using anti-
histidine antibody, probably due to a problem on the WB technique. The repetition with
the nanobody 71 confirmed that it did recognize MLC1 (Figure 107C). On this occasion,
nanobody 77 clearly did not recognize MLC1 since the protein appeared on the
flowthrough fraction. As for nanobody 76, MLC1 was detected in both flowthrough and

elution confirming that it was recognized by the nanobody.

Even though with these experiments we could classify nanobodies based on whether
they recognized MLC1 or not, in some cases that was difficult to determine. For instance,
results obtained with Nb 71 and 72 on Figure 107B were not easily interpreted and we
had to repeat Nb 71 to confirm that it was indeed binding to MLC1. At the same time,
with these tests, we were working with small protein quantities that were not enough for
obtaining a SEC profile. At that moment, it was decided to change the experimental

design although not all nanobodies were tried using this approach.
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Figure 107. Double purifications of MLC1 incubated with nanobodies. A. WB of the fractions
obtained from the double purification with StrepTactin resin and Ni-NTA resin. Nanobodies 67, 68 and
69 were tested. MLC1 and nanobody were detected using specific antibodies. B. WB of the fractions
obtained from the double purification with nanobodies 70, 71 and 72. C. WB of the fractions from the
purification with nanobodies 69, 71, 75 and 76.

Nb: nanobody, FT: flowthrough, E: elution.
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3.6.3.2 TWINSTREP-MLC1-VFP PURIFICATION

DETERGENT SCREENING

For this experiment, the construct TwinStrep-MLC1-VFP was generated in the first place.
The addition of VFP to our protein of interest would allow us to analyse shifts on the
FSEC profile by reading fluorescence levels. Although the protein of interest remained
the same, the addition of VFP might alter its properties, so the new construct was treated
as if it was a completely new protein. Going back to the choice of digitonin for the
purification of MLC1 with GlialCAM, we had learnt that the number of particles in cryo-
EM containing both proteins was scarce. One of the main reasons for choosing digitonin
for the solubilization lied in the fact that it was the only detergent capable of maintaining
the union between MLC1 and GlialCAM, but we saw that the resolution of the complex
was not feasible. Considering that maintaining the interaction was not essential and that
we were working with a new construct, the detergent screening was performed with the

objective to select a detergent that would give us the highest protein concentration.

For the screening, 42 mL of HEK293-6E cell culture was co-transfected with TwinStrep-
MLC1-VFP together with GlialCAM-3xflag because it was thought that the presence of
GlialCAM would increase MLC1 expression. Five different detergents were tested, being
DM, DDM, digitonin, LDAO and LMNG. The cell lysate was divided into five groups and
solubilized with different detergents. All of them, except digitonin, where prepared adding
0.2% CHS. The solubilization occurred for 1 hour at 2% of detergent, except digitonin
which lasted for 2 hours. After the solubilization, samples were centrifuged and filtered
for SEC. Fluorescence was read before and after the centrifugation to obtain the
percentage of solubilization for each detergent. In Table 14, solubilization rates are listed.
Besides LMNG, all the other detergents presented a high rate of solubilization. Fractions
from the SEC were collected and read in a fluorometer. FSEC profile is depicted in Figure
108. LMNG group did not show a fluorescent peak, which correlated with the low
solubilization previously observed. LDAO and digitonin presented a single and well-
defined peak but it was lower than the peak seen for DM and DDM. Since we wanted to
obtain the highest quantity of protein possible, we had to decide between DM or DDM.
We chose DM because the peak looked more symmetric. Interestingly, DM peak
appeared earlier than DDM, meaning that the size of the particles was greater on the
first case. However, DM is known to form micelles smaller than DDM (Lal et al., 2023),
so the oligomeric state of MLC1 might vary depending on the type of detergent it is
embedded to. In conclusion, DM was chosen as the best detergent for MLC1-VFP

purification.
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Detergent % Solubilization
DM 95,00
DDM 94,32
LDAO 97,97
LMNG 27,91
Digitonin 89,10

Table 14. Solubilization rates of detergent screening.
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Figure 108. FSEC for detergent screening. Samples were injected for gel filtration using
SuperDex 200 Increase 10/300 column with a 0.3 mL/min flow rate in Tris/NaCl plus DDM and
CHS. Fractions were collected and fluorescence read. Gaussian fitting was performed on all
the FSEC profiles, except for LMNG where a linear fitting was done.

MLC1-VFP PURIFICATION WITH DM

After detergent screening, we proceeded to purify a larger volume of MLC1-VFP to
analyse its SEC profile. For this, 0.5 L of cell culture was co-transfected with TwinStrep-
MLC1-VFP and GlialCAM-3xflag. After the obtention of membranes, they were
solubilized with DM plus CHS and MLC1 was purified using StrepTactin resin and eluted
with desthiobiotin. The SEC profile is shown in Figure 109A, where a symmetrical, well-
defined peak was observed. The main peak that appeared at approximately 11 mL was
surrounded by a smaller peak on the right (13-14 mL) and a “shoulder” or a not very
defined small peak on the left, after the void volume. MLC1 was detected by WB analysis
during the purification process, in the total protein, solubilized and eluted fractions

(Figure 109B). It was also detected through WB in the different peaks seen at SEC
(Figure 109C).
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The main peak was collected, frozen in liquid nitrogen and stored at -80°C for two days.
Then, the sample was thawed and injected again for gel filtration. With this, we wanted
to assess the possibility of freezing the purified protein. It was observed, as shown in
Figure 109D, that the mAus of the peak were greatly decreased after freezing. In
conclusion, MLC1-VFP could not be frozen and the future studies with the nanobodies

had to be done on the same day as the protein purification.
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Figure 109. MLC1-VFP purification with DM. A. SEC profile of TwinStrep-MLC1-VFP purified
protein with DM. Sample was run in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in
Tris/NaCl buffer plus detergent. B. WB of the purification process detecting MLC1. C. WB of the
SEC peaks detecting MLC1. D. Comparison of SEC profiles before (black) and after freezing
(red).

TP: total protein, S: solubilized, FT: flowthrough, W: wash, E: elution, V: void, P: peak.
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3.6.3.3 NANOBODIES BINDING TO MLCA1

Once the purification conditions for MLC-VFP had been stated, we started assessing
whether the nanobodies could recognize the purified protein. The experimental design
was the following. Firstly, the protein was purified and injected for gel filtration. Based on
the SEC profile, the main peak was collected and split in parts which were incubated
each with a nanobody O/N. The following day, all the samples were injected again for gel
filtration and SEC profiles were compared to see mobility shifts. Besides, fluorescence
levels from the SEC fractions were read to analyse possible mobility shifts as well.
Results are shown in Figures 110, 111, 112, 113, 114 and 115.

In Figure 110 results from the first experiment using the aforementioned design are
represented. The obtained SEC profile (top left) showed a high peak corresponding to
aggregates that do not have fluorescence. Then, a wide peak is observed at 11 mL
approximately. The collection of this peak and its fluorescent reading (top center)
revealed that the SEC peak was fluorescent, meaning that it corresponded to our protein
of interest VFP-tagged. The mentioned peak was split in three equal parts that were
incubated O/N with nanobodies 64, 76 and 77. After, samples were injected again for gel
filtration. The three SEC profiles (bottom row) presented two peaks, the first one
corresponding to MLC1 and the second one that appeared later corresponding to the
nanobody alone. Comparing them with the profile previously obtained in the absence of
nanobody, it was observed that all the peaks appeared at around 11 mL, approximately.
Hence, a mobility shift was not observed in any of the tested conditions. The FSEC
profiles did not present a displacement neither (top right). Based on this experiment, it
could be concluded that these three nanobodies did not recognize MLC1. However, in
the double purification experiment it was established that nanobody 76 did recognize the
protein, but 64 and 77 failed to bind to it. It could be possible that changing the detergent
affected the nanobody recognition, as the protein areas exposed depend on the size of
the micelle, which is variable among detergents. This would explain why the results
obtained in the double purification with digitonin were different that the ones obtained
now with DM.

274



RESULTS

SEC - TS-MLC1-VFP FSEC - TS-MLC1-VFP FSEC - Nb #64, 76, 77
2 15000 1500
- 5 — #64
20 E & #76
el [ £ 1000 A
I 15 e 10000 2 i‘\‘.‘ — #77
£ g £
< " § 5000 8 s00
5 ] S
Z g
0 T T T T 1 0+ . . . . . 0 T T 1
5 10 15 20 25 0 5 10 15 20 25 0 5 10 15 20
Volume (mL) Volume (mL) Volume (mL)
SEC - Nb #64 SEC - Nb #76 SEC - Nb #77
5 3 2
4 2 ]
T 3 5 =
< ?E: 1 E
E‘ 2 “é ‘-é 0 T T T T 1
g 0 10 15 20 25
0 T T T IS A lurhe (mL)
JWM 25
A1 -2 -2

Volume (mL)

Figure 110. Nanobodies 64, 76 and 77- MLC1 recognition. SEC (top left) and FSEC (top
center) profiles of the purified TwinStrep-MLC1-VFP protein. After the incubation with nanobodies
64, 76 and 77, FSEC (top right) and SEC (bottom row) profiles were analyzed. Samples were
run in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer plus detergent.

The same experiment was repeated working with other nanobodies (Figure 111).
Purifying MLC1 in same conditions, a similar SEC profile was obtained (top left). The
peak after the void was collected and fluorescence was detected (top centre). Then, it
was split in five equal parts and incubated with nanobodies 65, 67, 70, 75 and 80. The
analysis of their SEC profile revealed that nanobodies 65, 67, 70 and 80 did not generate
changes in the profiles (middle and bottom row), neither in the FSEC profiles (top right).
In these cases, the first peak appeared around 11 mL similarly to the sample before
nanobody incubation and later, a second peak corresponding to the nanobody alone was

visible.

Surprisingly, that was not the case for nanobody 75. Its SEC profile revealed a peak
around 15 mL after the peak corresponding to MLC1 (~11 mL). A very small peak around
20 mL could also be observed which would correspond to the nanobody. Since the
expected nanobody peak (at around 20 mL) had few mAU, we hypothesized that the
nanobody had bind to MLC1 and that binding would correspond to the peak observed at
approximately 16 mL. However, the addition of a nanobody to our protein of interest
would increase the mass and the expected peak should appear before the peak
corresponding to MLC1 alone, which was not the case. A possible explanation for this
would be that the binding of the nanobody to MLC1 would be only on dimers or

monomers of the protein.
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Then, the peak compatible with containing MLC1 and nanobody 75 was collected,
concentrated, and injected again for gel filtration. Curiously, this second injection
displayed a different pattern than the previously observed (bottom row centre). In this
case, two separated, well-defined peaks were seen around 13 and 17 mL, which did not
correspond to the previously represented peak at 15 mL, approximately. A plausible
interpretation was that the concentration of the peak had provoked changes in the
stoichiometry of the complex which would have been disassembled. Still, if that was the
case, the second peak should appear at the same volume that the one corresponding to
the nanobody alone (at 20 mL). Since it was bigger, it could mean that the nanobody was
bound to a dimeric MLC1 form and the concentration caused the disassembling of the
dimer, but remaining bound to a monomeric form. Nevertheless, this would not explain
why the first peak from the second injection (13 mL) had appeared before the

concentrated peak.
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Figure 111. Nanobodies 65, 67, 70, 75 and 80- MLC1 recognition. SEC (top left) and FSEC (top
center) profiles of the purified TwinStrep-MLC1-VFP protein. After the incubation with nanobodies 65,
67,70, 75 and 80, FSEC (top right) and SEC (middle and bottom rows) profiles were analyzed. Samples

were run in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer plus detergent.
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RESULTS

It should be considered that many stoichiometries could be present in this case. We knew

that MLC1 could be trimeric, dimeric, or monomeric and the binding with nanobodies can

give raise to many complex possibilities. For instance, one single molecule of a

nanobody could bind the MLC1 trimer, but also two or three nanobodies could bind to i,

which would result in subtle changes on the SEC profile. Although we did not have a

clear explanation for the behaviour of nanobody 75, we concluded that it recognized

MLCA1.

The testing with nanobodies 66, 73, 74 and 83 did not show shifted patterns for SEC nor
FSEC profiles (Figure 112). The profiles obtained from the purification of TwinStrep-

MLC1-VFP showed the same pattern as the previously seen, with a fluorescent peak

around 11 mL. The posterior incubation with nanobodies did not alter the SEC profiles,

neither it affected the FSEC ones.
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Figure 112. Nanobodies 66, 73, 74 and 83- MLC1 recognition. SEC (top left) and FSEC (top
center) profiles of the purified TwinStrep-MLC1-VFP protein. After the incubation with nanobodies
66, 73, 74 and 83, FSEC (top right) and SEC (middle and bottom rows) profiles were analysed.
Samples were run in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer

plus detergent.
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For the nanobodies 68, 79, 81 and 84 similar results were found (Figure 113). In this
case, the SEC and FSEC profiles were analogous to the previously obtained. The
profiles after the nanobody incubation showed two distinguished peaks compatible with
MLC1 alone on the first peak and the nanobody alone on the second one. For nanobody
79, a small peak was noticed between the mentioned peaks, similarly to the seen case
for nanobody 75. Due to limited amounts of protein, no further experiments could be

performed.
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Figure 113. Nanobodies 68, 79, 81 and 84- MLC1 recognition. FSEC (top left) profile of the
purified TwinStrep-MLC1-VFP protein. After the incubation with nanobodies 68, 79, 81 and 84,
FSEC (top right) and SEC (middle and bottom rows) profiles were analyzed. Samples were run
in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer plus detergent.
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For nanobodies 69, 71, 72 and 82 similar results were obtained (Figure 114). Mobility
shifts were not observed in none of the tested nanobodies in this experiment. Lastly, the
remaining nanobody (78) was also tested with this experimental design. Results are

depicted in Figure 115. The addition of this nanobody did not produce any shift on SEC

profile.
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Figure 114. Nanobodies 69, 71, 72 and 82- MLC1 recognition. SEC (top left) and FSEC (top
center) profiles of the purified TwinStrep-MLC1-VFP protein. After the incubation with nanobodies
69, 71, 72 and 82, FSEC (top right) and SEC (middle and bottom rows) profiles were analyzed.
Samples were run in SuperDex 200 Increase 10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer
plus detergent.
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Figure 115. Nanobody 68- MLC1 recognition. SEC (top left) and FSEC (top right) profiles of
the purified TwinStrep-MLC1-VFP protein. After the incubation with nanobody 78, FSEC (bottom
right) and SEC (bottom left) profiles were analyzed. Samples were run in SuperDex 200 Increase
10/300 at flow rate of 0.4 mL/min in Tris/NaCl buffer plus detergent.

3.6.3.5 BIACORE

Experimentally, the binding affinity of all nanobodies with the protein of interest was
tested through Biacore. Surface plasmon resonance (SPR) biosensors, such as Biacore
systems have become standard tools for protein interaction studies. They are typically
used for measuring binding affinities, as well as kinetic rate constants. SPR is an optical
phenomenon that occurs as a result of the internal reflection of light at a metal film-liquid
interface. Biacore biosensors measure the shift in SPR angle due to mass changes at
the surface of the chip. This allows for the detection and measurement of protein-protein
interactions in real time. It usually requires the immobilization of one interactant on the
sensor chip surface followed by the injection of the second interactant (Leonard et al.,
2017).

Biacore experiment was performed at the Biomolecular analysis unit of CCIT-UB. In our
case, MLC1 purified protein in digitonin micelles was immobilized into a chip containing
a matrix of carboxymethylated dextran. After a first screen, it was decided to work at pH
5 in Tris/NaCl buffer with 0.005% digitonin. A multicycle approach was followed where all

nanobodies were tested.
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For equilibrium analysis, saturation values (RU) were plotted against nanobody
concentration (M). Only three nanobodies (69, 71, and 83) were fitted to an exponential
curve (Figure 116). The rest of them were fitted in a linear curve meaning that they do
not bind with high affinity to the protein. In Table 16, the obtained Kp rates are shown.
Nanobody 79 was analysed in a previous single cycle study and the Kp obtained was
1.1E-1 M. Since the Kp was high, it was decided to not include this nanobody on the
following multicycle study. Calculating the equilibrium constant, it was observed that the
two best nanobodies were 69 and 71, which had a Kp value around 800 nM. In general,
equilibrium dissociation constants in the nanomolar or picomolar range are considered
ideal (Muyldermans, 2013).

In conclusion, all our nanobodies had low affinity for the target protein and they presented
a fast kinetics, since they were quickly dissociated, for this reason the dissociation rates

were not calculated.
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Figure 116. Surface plasmon resonance analysis. Equilibrium fits for the interaction of
MLC1 and nanobodies 69, 71, 82, and 64. Nanobody 64 is plotted as a representative
nanobody showing a linear equilibrium fit. Each concentration had experimental triplicates.
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- Table 15. Equilibrium constant
NB KD (M) Rmax (RU) | Ch¥* (RU?) results. In qterms of KD, the
64 2 11E-02 30292 .2 0.016 nanobodies showing more affinity
65 | 1.86E-01 | 257622.3 | 0.0353 for MLC1 are Nb 69 and 71.
66 3.48E-06 11.3 0.00672
67 5.56E-06 6.4 0.461
68 2.00E-06 111 0.0775
69 8.44E-07 6.9 0.133
70 1.56E-06 6.2 0.552
71 8.57E-07 7.5 0.134
72 8 47E-04 1323.2 0.00569
73 2.83E-01 239751.2 0.0104
74 1.05E-05 6.3 0.00376
75 2.56E-01 252100.5 0.0107
76 2.36E-01 289898 0.0136
77 1.58E-05 26 6 0.0049
78 6.95E-02 595501 0.006
80 9.42E-03 7607 .1 0.00396
81 1.28E-05 23.6 0.0226
82 1.10E-01 145960.2 0.0254
83 1.89E-06 78 0.0324
84 1.85E-01 2065094 0.0273

Then, a quick study using AF3 prediction models was done to analyse the interaction
between trimeric MLC1 and nanobodies. This revealed that all nanobodies bound to one
or two MLC1 monomers that constituted the trimer. In the case of the two best SPR
candidates (Nb 69 and 71), these nanobodies could bind two monomeric proteins from
the trimer. A deeper analysis was performed with these two in order to determine which
specific residues were necessary for the interaction between the nanobody and MLC1.
The identification of the amino acids implied in the binding could be important in the
future as the modification of these residues could be designed to improve the affinity of
the interaction. Since these two nanobodies corresponded to the same family, their
sequence its very similar. Thus, as observed in Figure 117, they recognize similar MLC1
residues. Specifically, for nanobody 69 AF predicted model, two monomers of MLC1
would be recognized by the nanobody. It might bind to two asparagine residues from
MLC1 TM4 domain. Also, a tyrosine residue from the nanobody might bind to an aspartic
acid residue from TM8 domain of the adjacent MLC1 (Figure 117A). In the case of
nanobody 71 AF predicted model, the identified residues were also T58 and Y60 that
bind to two asparagine residues from MLC1 TM4 domain. In addition, an arginine residue

from the nanobody could bind to an aspartic acid residue from the extracellular loop
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between TM 7 and 8 (Figure 117B). Further research is needed to determine the exact

binding sites of the obtained nanobodies.

Figure 117. Nanobody-MLC1 binding model. A. Nanobody 69 putative binding with MLC1
homo-trimer. B. Nanobody 71 putative binding with MLC1 homo-trimer. MLC1 monomers are
coloured in raspberry, yellow orange, and light blue. Nanobodies are coloured in lime green.
Residues in black correspond to nanobody amino acids, while the residues in blue correspond
to MLC1.
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3.7 STRUCTURE ANALYSIS

Although the obtention of a high-resolution protein structure had failed, we were able to
further study MLC1 3D structure based on the preliminary model achieved together with
AlphaFold predicted models. Our study of MLC1 structure was divided in three parts.
Firstly, we started by comparing MLC1 with other protein structures trying to infer on the
function of our protein of interest. Secondly, we located the missense patient-derived
mutations on the 3D structure and we focused on the interaction between MLC1

transmembrane domains. Lastly, we studied the MLC1 trimer.

3.7.1 INSIGHTS INTO MLC1 FUNCTION BASED ON ITS STRUCTURE

As previously stated in the Introduction of this thesis, MLC1 is known to share low
sequence identity (only 20%) with the voltage gated potassium channel Kv1.1 alpha
subunit (KCNA1) (Teijido et al., 2004). Considering that similar sequences adopt similar
folds and that the protein folding determines the protein function, it was suggested that
MLC1 could act as an ion channel. In accordance to this, MLC patients may present
epileptic seizures which is a symptom commonly found in channelopathies, but not in

leukodystrophies (Hamilton et al., 2018).

A first analysis of amino acid sequence suggested that MLC1 gene could have evolved
from a gene duplication of the first 4 transmembrane domains (TM), resulting in two big
domains TM1-4 and TM5-8 connected through an intracellular loop (Figure 118A-B).
Using the PDBeFold algorithm, we identified proteins similarly folded to MLC1. Analysis
of the TM1-4 MLC1 identified the prokaryotic soluble copper storage protein (PDB ID
6Q6B) from Streptomyces lividans (Figure 118C) (Pla-Casillanis et al., 2022). This
protein forms homotetramers where each monomer comprises four a-helices arranged
to form a four-helix bundle motif. It has the capacity to bind between 13 and 20 cuprous
ions per four-helix bundle (Straw et al., 2018). Analysing the whole MLC1 sequence, the
algorithm identified the phosphate-specific transport system accessory protein (PhoU)
from Pseudomonas aeruginosa (PDB ID 4Q25) (Figure 118D). This protein consists of
two structurally similar three-helix bundles. Its function is still unknown, but it is believed
to play a key role in phosphate homeostasis (Lee et al., 2014). Even though all data
suggests that MLC1 may function as an ion channel, to date no conductivity has been

detected for this protein (Estévez et al., 2018).
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TM1/5

Figure 118. Structural models of MLC1. A. AlphaFold structural model for monomeric MLC1.
TMs 1-4 and 5-8 are coloured in pale green and wheat, respectively. B. Structural alignment
of the two MLC1 domains, composed of TMs 1-4 (pale green) and 5-8 (wheat). C. Structural
alignment of MLC1 TM 1-4 with a prokaryotic soluble copper storage protein from
Streptomyces lividans (PDB ID 6Q6B) (light orange). Two different views rotated by 90° are
shown. D. Structural alignment of MLC1 with the PhoU protein from Pseudomonas aeruginosa
(PBD ID 4Q25) (in salmon). Two different views rotated by 90° are shown.

3.7.2 MLC1 MUTATIONS

Mutations in MLC patients are spread through all the sequence (Leegwater et al., 2001).
However, when these residues are identified in the 3D structure of MLC1, they are mostly
located in the interphase of TMs 1-4 and 5-8 (Figure 119). Previous studies from the
group co-expressing the two halves of MLC1 (TMs 1-4 and TMs 5-8) in Xenopus oocytes
demonstrated that the halves were able to reach the plasma membrane, thus indicating

that they would interact with each other (Estévez et al., 2018).
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180°

Figure 119. Location of MLC mutants in MLC1 structural model. MLC1 patient-derived
mutations are shown as red sticks. Two different views rotated by 180° are shown.

To further validate the interaction between the two halves of MLC1, the following
NanoBiT experiment was set up. We cloned into an expression vector the two halves of
MLC1 that we called Split 1 and Split 2, and they were fused to the SmallBiT or LargeBiT,
respectively. Then, we chose two patient-derived mutations that were hypothesized to
be important for the interaction of the splits. These mutants were G88V and P92S, both
located on the second transmembrane domain of MLC1 (Figure 120A). Split 1 constructs

including these mutants were also generated.

Analysing the interaction between Split 1 and Split 2, it was observed that this interaction
was significantly decreased in both mutants compared to the WT (Figure 120B).
However, a reduced interaction could also mean that the mutant splits were less
expressed than the WT. Thus, we then decided to verify whether the observed decrease
was indeed due to a reduction of interaction instead of an altered expression. With this
aim, we fused the Gaussia luciferase to Split 1. After adding the substrate coelenterazine,
the luminescence was read. As seen in Figure 68C, the luminescence was slightly
decreased in the mutated Split 1, being statistically significant in the G88V. Nevertheless,
the signal reduction was not as large as the decrease observed in the interaction
between splits, so we could confirm that residues G88 and P92 were important for the
split’s interaction. In the case of G88V mutant, the replacement of glycine, a polar amino
acid residue, with valine, a hydrophobic amino acid residue, might affect the interaction

between the splits by charges repulsion. For the P92S mutant, proline is known as a
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potent breaker of the a-helix, so its substitution for a serine would alter the orientation of
the TM2, which might not impede its interaction with the TM7 from Split 2.

Interaction Split 1 — Split 2 Split 1 Expression levels

120 120-
— 80 * — 80+ .
= 2
2 2
\o ok
7 40+ X 404

0- 0-
WT G88V P92sS WT G88V P92S

Figure 120. Splits assays. A. AlphaFold representation of TM2 and TM7 where the residues
G88 and P92, found mutated in MLC, are marked in red. B. Splits interaction. NanoBiT
experiments on transfected HEK293T cells. Data comes from five independent experiments.
Statistical analysis was assessed using One-way ANOVA analysis (** p-value < 0.01) with
Dunnett’'s multiple comparisons test. * p < 0.05; ** p < 0.01 compared to WT. Mean =+ SEM is
represented. C. Split 1 expression levels. Gluc was cloned into Split 1 to determine its levels
of expression. Statistical analysis was assessed using One-way ANOVA analysis (* p-value <
0.05) with Dunnett's multiple comparisons test. * p < 0.05 compared to WT. Mean + SEM is
represented. Data comes from five independent experiments.

3.7.3 PORE

Our low-resolution structure revealed that MLC1 was forming a homo-trimer. Similarly, it
was recently reported that MLC1 constitutes a homo-trimeric complex in detergent
micelles and proteoliposomes (Hwang et al., 2021). Analysing the trimer, top and bottom
views exposed the formation of a pore where three histidines and three tryptophans, one
from each monomer, were faced towards the pore (Figure 121). This arrangement
resembled the proton-selective ion channel M2 from Influenza virus. M2 channel is gated
by pH and it is essential for acidifying the interior of virions during virus uncoating in the
lumen of endosomes. When the pH is high, the channel is closed because the histidine
located facing the pore is not charged, therefore, the tryptophan obstructs the pore near
its cytoplasmic end. In contrast, when the pH is low, the histidine is charged, and as a
result, the tryptophan rotates to a conformation parallel to the pore’s axis, which permits
H* to flow (Tang et al., 2002). Taking this channel into account, we tested whether MLC1
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could act as a proton channel. Dr. Héctor Gaitan Pefias injected MLC1 cRNA to Xenopus
oocytes, electric currents were registered with an acidic pH extracellular media.

Unfortunately, no currents were detected for MLC1.

Lateral view

Figure 121. Trimeric MLC1 structure. A. Trimeric structure of MLC1. Monomers are painted
in wheat, green and light purple. B. Top (left) and bottom (right) view of MLC1 trimer. C. MLC1
monomer with the pore residues marked in red (left). Top view of the pore formed by MLC1
trimer (right).

Then, to further study the pore, both histidine and tryptophan were mutated. We
generated the variants H227A, H227R and W234A. Firstly, its expression and location
were tested in transfected cell lines. WB and immunocytochemistry are shown in Figure
122, where it can be seen that the mutants are expressed and have the same location
as the WT MLC1.
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Figure 122. MLC1 pore mutants. A. WB of the generated MLC1 pore mutants H227A, H227R
and W234A. B. Immunocytochemistry of MLC1 WT and pore mutants. HelLa cells were
transfected with MLC1, after 48 hours, they were fixed and incubated with antibody N4 and
Alexa 488 anti-rabbit afterwards.

3.7.4 PELE

Following the hypothesis that MLC1 could be implicated in ion transport, either by being
a channel or a sensor, Protein Energy Landscape Exploration (PELE) assays were
performed. PELE studies were performed by our collaborator Dr. Victor Guallar at the
Barcelona Supercomputing Centre. They studied the possible binding of chloride to
MLC1 protein.

PELE consists of the study of substrates and how they can bind to the protein. It
combines a Monte Carlo stochastic approach with protein structure predictions. Briefly,
PELE involves the consecutive iteration of the following procedure. After an energy
calculation for the initial structure, the assay begins with the generation of a perturbation
in the system, for example a rotation of the ligand. Next, the energy of all side chains is
computed before and after each perturbation and then the minimal interaction energy is

identified as the most probable one (Madadkar-Sobhani and Guallar, 2013).
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Eneray (Kcal)

Distance (A)

Figure 123. PELE energy profile for negative ions. Two different
simulations are represented in cyan and blue showing similar energetic
minima. In red stars, the minima that were analysed.

PELE analysis was performed for positive ions, which did not retrieve any results, and
for negative ions. In this last case, the energetic profile revealed some energetic
minimums at different positions (Figure 123). It was decided to further study three that
had the lowest energetic minima. The three minima studied for negative ions were two
intracellular poses and one extracellular for the MLC1 homotrimer. The first intracellular
pose (-70 Kcal, 5A) showed chloride in the N-terminus of MLC1, before the TM1. In this
location, Ser48 might bind to the chloride ion through a hydrogen bond, creating a
binding pocket with Cys46 and Phe47 (Figure 124A). For the second intracellular pose
(-62 Kcal, 55A), the same Ser48 might form a hydrogen bond with the chloride ion. In
this case, a binding site is created formed by Phe47 and Ser48 (Figure 124B). For the
extracellular pose (-62 Kcal, 72A), chloride was found in the second extracellular loop
(between the TM3 and 4). In this position, a binding site formed by Asn136, Ser138 and
Ala139 is created where chloride forms a hydrogen bond with the serine residue (Figure
124C).
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Figure 124. PELE simulations with chloride. A. Intracellular pose for chloride in MLC1 (-70
Kcal, 5A). B. Intracellular pose for chloride in MLC1 (-62 Kcal, 55A). C. Extracellular pose
for chloride in MLC1. Chloride ion is represented in purple. Hydrogen bonds are represented
in yellow lines.

How chloride binds to proteins is poorly understood, however, chloride-binding sites can
be classified into two structural categories. The first one is typified by the CIC family of
chloride channels, which binds chloride through backbone-amide and hydrophobic
interactions. Other members of this category are the atrial naturetic peptide receptor
(ANPR) or the lysine deficient protein kinase 1 (WNK1). The second class binds chloride
through hydrophobic and positively charged amino acids. Some examples of proteins
with these features are the serotonin transporter (SERT) and the angiotensin converting
enzyme (ACE) (Piala et al., 2014). Analysing the putative binding sites for MLC1, they
do not resemble any of the two structural classes described. Finding an energetic
minimum does not mean that it is a binding site, but it is a site where the ion can possibly
bind. In all three cases, a serine residue might form a hydrogen bound with the ion.
Interestingly, the residues constituting the putative chloride binding sites in MLC1 are

highly conserved across species.
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Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of
leukodystrophy caused by mutations in either MLC1, GLIALCAM, GPRC5B or AQP4
genes (Leegwater et al., 2002, Lopez-Hernandez et al., 2011a, Passchier et al., 2023).
Although the disease was characterized more than 20 years ago, little is known about its
pathophysiological mechanisms. To date, the exact physiological functions of MLC1,
GlialCAM and GPRC5B are not fully understood.

MLC1/GlialCAM complex might regulate the activity of different transporters and ion
channels through phosphorylation of ERK signalling transduction cascade (Elorza-Vidal
et al.,, 2018). In the absence of MLC1/GlialICAM proteins, the activity of CIC-2 is
decreased during the hyperpolarization phase of a neuronal action potential (Hoegg-
Beiler et al.,, 2014). VRAC activity is also diminished, which leads to an impaired
regulatory volume decrease (RVD) response (Elorza-Vidal et al., 2018). Cx43
localization is affected as well in the absence of MLC1/GlialCAM as the protein is
internalized and no longer located at cell-cell junctions (Baldwin et al., 2021) and Na*/K*
ATPase activity is altered (Brignone et al., 2011). In Figure 125, the main physiological

processes where MLC1/GlialCAM complex plays a role are represented.
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Figure 125. Physiological processes involving the activity of GliaICAM/MLC1 complex.
Extracted from (Pla-Casillanis et al., 2022).
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1. GPRC5B SIGNALLING IN MLC

The results obtained in this thesis have increased the knowledge regarding MLC
pathophysiology. For the first time, we have established MLC1 as a negative modulator
for GPRC5B signalling pathways being the first modulator known for this receptor. This
inhibition occurs in the interaction of GPRC5B with different downstream proteins, such

as Ga12 and B-arrestin.

Considering previous results from the group, GPRC5B depletion resulted in reduced
GlialCAM levels at the plasma membrane in Mic1 KO astrocytes. This finding suggested
that GPRC5B may stabilize GlialCAM at the plasma membrane (Alonso-Gardon et al.,
2021). Contrarily, it has been reported in this thesis that GPRC5B internalizes Glial CAM
in HelLa cells. In parallel, we have described that GPRC5B multimerization would be
needed for its signalling transduction and MLC1 would inhibit it as well. So, we suggest
that once the GPRC5B multimerization has occurred, GlialCAM would participate in

GPRCS5B endocytosis and then, the signalling would occur intracellularly.

PHYSIO HIGH K*
GLIALCAM
GPRC5B GPRC5B ~
MLC1 o ~ ~ MLC1

K%

Figure 126. Model of GPRC5B interaction with MLC1 and GlialCAM in physiological and
depolarizing conditions.

We propose that in physiological conditions, MLC1 would be inhibiting GPRC5B
internalization. Hence, the GPCR would not interact with its downstream effectors and
the signalling pathway would not be initiated. Yet, in depolarizing conditions where the
potassium concentration is found increased, Glial CAM would interact with MLC1 as it
has been observed by PLA experiments. Then, GPRC5B could be internalized and it

could signal through different effectors, such as Ga12 or 3-arrestin (Figure 126).
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In the case of IgC2 GlialCAM variants, its pathogenicity could be explained by their
inability to be internalized. Their higher stabilization at the plasma membrane would not
allow for GPRC5B internalization, therefore, the signalling would not be possible.
Regarding the GPRC5B patient-derived variants, the outcome is the same. In this
situation, GPRC5B and GlialCAM co-localize more at the plasma membrane, so the

internalization does not occur.

Concerning GPRC5B patient-derived mutants, here we report that their signal
transduction might be slightly increased compared to the WT protein. This could be
explained by the increased interaction of GPRC5B with GlialICAM. However, we
expected that a higher interaction would lead to a higher internalization rate of GlialCAM
and what we observed was that both proteins tend to remain at cell junctions and
GlialCAM is not internalized at the same rate that in presence of GPRC5B WT. This could

be due to the increased interaction of GPRC5B mutant with MLC1 as well.

Thus, seeing that both GlialCAM and GPRC5B mutants can lead to the same outcome,
we conclude that for the signalling cascade to occur GlialICAM should not stay at cell
junctions. It exists a correlation between protein localization and signal alteration, where
the localization of both GlialICAM and GPRC5B needs to be at cell junctions to later be

internalized.

Whether the signalling occurs intracellularly and not in the plasma membrane, there
should be a regulation to finish it. Considering that MCL1 function is unknown, but it is
hypothesized to be related to ion channels or transporters, we propose that MLC1 could
act as a proton transporter. Then, in the internalized vesicles, MLC1 could alter the pH
and based on that GPRC5B could be recycled to the plasma membrane again or go to

the endosomes. In Figure 127, a scheme of the proposed model is displayed.

In conclusion, we believe that the role of GPRC5B is central in MLC disease and that its
activity would be regulated by MLC1 and GlialCAM. Our data indicates that GPRC5B,
MLC1 and GlialCAM interactions need to be dynamic and they are subjected to different
stimuli. Further studies are needed to uncover the regulation of the GPRC5B signalling

pathways.
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Figure 127. Model of GPRC5B signalling. MLC-causing GlialCAM mutations encoding for
residues located at IgC2 domain abnormally stabilize GlialICAM oligomeric structures. Our
proposed model is that GPRC5B interacts with GlialCAM at the plasma membrane of
astrocytes, leading to endocytosis (left). GlialICAM mutant variants would be abnormally
stabilized at the plasma membrane preventing the dissociation of the oligomeric structure.
Thus, no GlialICAM would be released to interact and bind GPRC5B. hence, potential
downstream signalling of this complex regulation homeostatic processes would not occur,
leading to disease.

2. MLC1 STRUCTURE

In regards of MLC1 structure determination, although we have not obtained a high
structural resolution, significant advances have been made and we have achieved a
resolution around 7 A in homo-trimeric MLC1. Once the first cryo-EM analyses revealed
that particle orientation was challenging, we followed different approaches trying to
overcome this problem. Seeing that GlialCAM, which could have helped orientate the
particles, was only present in around 10% of them, we first attempted to find a way to
bind MLC1 with GlialCAM. For this, we explored NanoBiT as a tethering strategy. A
published study showed the structural determination of the vasoactive intestinal
polypeptide receptor (VIP1R) using this approach. VIP1R is a widely expressed class B
GPCR that was genetically fused to LgBiT and co-expressed with Gs heterotrimer fused
to SmBIT. The reconstitution of the luciferase brought the two proteins in close proximity

and it improved the stability and homogeneity of the complex (Duan et al., 2020).
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Following this approach, we cloned the LgBiT and SmBIT to TwinStrep-MLC1 and
GlialCAM-3xflag, respectively. Unfortunately, the addition of a luciferase fragment to

MLC1 did not enable protein expression.

Then, we attempted a fusion protein strategy using BRIL. BRIL has been found useful
for structure determination of different proteins, especially for GPCRs. Thus, BRIL was
used for the structure determination of the human frizzled5 receptor (Fzd5) (Tsutsumi et
al.,, 2020) and the adenosine Axa receptor (Zhang et al., 2022). By binding BRIL to
GPCRs through two continuous a-helices, the resulting chimeric receptors should
maintain a rigid structure. Even though the BRIL approach has been used for multiple
proteins, for MLC1 the strategy was unsuccessful due to the mobility of the BRIL element.
Mobility has become the main limitation of this system. For instance, in the case of Fzd5,
the acquired structure had a resolution of 3.7 A. The obtention of a higher resolution was
hampered by the mobility of the BRIL (Tsutsumi et al., 2020). To overcome this issue,
multiple constructs should be tested, however, the design principles required for such
successful reconstructions remain unclear. In other cases, the addition of BRIL made the
protein unstable. As a solution, a new version of BRIL was engineered that replaced the
original loop with a short GS linker. The modified BRIL was named mBRIL and it is less
flexible. Its development enabled the structural identification of 32-adrenergic receptor
(Guo et al., 2024).

Lastly, the obtention of nanobodies that bind specifically to MLC1 was a promising
alternative. Nanobodies, the variable domains of heavy-chain only antibodies, recognize
conformational epitopes and they are becoming popular as versatile binding partners of
target proteins. In this thesis, the immunization of a llama with MLC1 reconstituted in
liposomes and posterior phage display panning resulted in the identification of 28
different nanobodies that specifically bind to our target protein. It is worth mentioning that
GlialCAM might be present in the reconstituted proteoliposomes, so it is possible that

some of the obtained nanobodies are actually recognizing GlialCAM, instead of MLCA1.

Nanobodies have been extensively used to determine X-ray structures, but their small
size limits their cryo-EM application. Nevertheless, this problem can be overcome
increasing their size with the attachment of a large scaffold, creating megabodies or
legobodies. Megabodies are built by grafting single-domain antigen-binding constructs,
such as nanobodies, onto larger scaffold proteins to produce stable, rigid, and efficiently
folding monomeric chimeras. By increasing the target protein size, they overcome one
of the major limitations in cryo-EM. Moreover, they also help randomize the orientation

of particles (Uchanski et al., 2021). The first megabodies were used to solve the high
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resolution cryo-EM structure of the human synaptic GABAAR bound to small-molecule
modulators (Laverty et al., 2019). Later, megabodies targeting homopentameric GABA
receptors were further improved to increase the bulkiness of samples and reduce the

biased distribution of orientation of membrane proteins (Uchanski et al., 2021).

One limitation of using megabodies for particle alignment is that the B-strands linker
between the nanobody and the scaffold can generate some flexibility. For this, another
method for allowing cryo-EM analysis of small proteins was described: legobodies.
Legobodies consist of the target-specific nanobody, a nanobody-binding Fab, and the
maltose-binding protein (MBP)-based fusion protein. With this, the target protein
increases its size by adding approximately 120 kDa. Legobodies have been used to
determine the structure of KDELR protein and the receptor binding domain (RBD) of
SARS-COV?2 spike protein (Wu and Rapoport, 2021).

2.1 INTERACTION MODELS FOR MLC PROTEINS

As already mentioned, the appearance of AlphaFold Al has become very helpful during
this project. The development of AF3 that enables structure determination of protein-
protein interactions has been used for the analysis of the interaction of MLC1, GlialCAM
and GPRC5B with each other.

Firstly, the interaction between MLC1 and GlialCAM was assessed using AF3. It was
observed that the 1gC2 domain of GlialCAM was predicted to be close of MLC1
extracellular part. Analysing the amino acid residues, two MLC1 residues were identified
to form a putative hydrogen bond with two Glial CAM residues. Both MLC1 residues (V75
and E79) are located between the first and second transmembrane domain and they are
predicted to interact with S154 and S161 GlialCAM residues, respectively (Figure 128).
Remarkably, an MLC patient has been described to carry the mutation E79K in MLC1
(YUzbasiogdlu et al., 2011). Although there is few information on this MLC-causing mutant,
we hypothesize that its pathogenicity would come from an altered interaction between
MLC1 and GlialCAM. The substitution of a negatively charged amino acid residue by a
positively charged amino acid might disrupt the bound with the GlialCAM serine residue.
The residue E79 is located at the beginning of TM2, that is one of the TM domains located
at the interphase of MLC1 halves. Although it could be reasoned that this residue would
be important for the interactions of the two halves of the protein, based on the AF
predictions, E79 is not facing this interphase, suggesting that it might interact with other

residues such as GlialCAM IgC2 domain.
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Figure 128. Interaction model for GlialCAM and MLC1. AF3 prediction model for the
interaction between MLC1(slate blue) and GlialCAM (olive).

Regarding MLC1 and GPRC5B interaction, the analysis of the AF3 predicted model did
not reveal any putative polar contacts between residues from the transmembrane
domains of both proteins. However, it could be noted that the residues 1176 and A177
from GPRC5B were in close proximity with TM4 of MLC1. The named residues are found
duplicated in the MLC patients harbouring mutations in GPRC5B (Figure 129). This
observation would suggest that these mutations would cause a shift in the following
residues that would alter its location in the a-helix and, consequently, it might alter the
interaction with MLC1. Accordingly, in this thesis we have determined that both variants
present an altered interaction with MLC proteins, as they interact significantly more with
MLC1 and GlialCAM. Although this increased interaction could be explained by the fact

that the GPRC5B variants are more stable at the plasma membrane.
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Figure 129. Interaction model for GPRC5B and MLC1. AF3 prediction model for the
interaction between GPRC5B (orange) and MLC1 (slate blue). GPRC5B patient-derived
residues (1176 and A177) are marked in red.

Finally, the interaction between GlialCAM and GPRC5B was also examined. Similarly to
the interaction of GPRC5B with MLC1, the GPRC5B patient-derived mutations present
a significantly increased interaction with GlialCAM. The GPRC5B TM4, where the
patient-derived mutations are located, is found to be in close proximity with the Glial CAM
TM domain. Using AF3, a prediction model was generated with GPRC5B WT and
another with the patient-derived duplication 1176dup. Besides the expected alteration in
the TM4 residue location by the addition of an extra isoleucine residue, it was observed
that the position of all GPRC5B TM domains was shifted as well as the position of
GlialCAM (Figure 130). This shift implies that the residues that could form polar contacts
with GlialCAM residues might now be too far to interact, and the other way round,
residues that were not close enough to bind GlialCAM residues, with the duplication,

might now be able to interact.
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Figure 130. Interaction model for GPRC5B and GlialCAM. AF3 prediction model for the
interaction between GPRCS5B (orange) and GlialCAM (olive). GPRC5B patient-derived
residue duplication [176dup is marked in red. A close-up of the putative interaction between
GPRC5B and GlialCAM through their TM domains is represented by showing the GPRC5B
WT (top right) and the GPRCS5B 1176dup (bottom right).

3. TOWARDS A TREATMENT FOR MLC

To date, no effective therapy is available for MLC patients. Based on the clinical
phenotype, the disease can be classified into two groups: the classic phenotype, in which
patients show a deterioration of the symptomatology, and the remitting phenotype, in
which patients present an improvement. During this thesis, we reported a new MLC
patient harbouring two variants in MLC1 showing radiological improvement (Mayayo-
Vallverdu et al., 2023). The patient was heterozygous for the variants ¢.597+37C>G and
c.895-1G>T both affecting mRNA splicing, and the latest causing the deletion of
p.Pro299 Glu353del.

We demonstrated that the patient had a small amount expression of WT MLC7 mRNA
and protein, suggesting that few quantities of MLC1 protein would be sufficient to
improve the clinical phenotype. The molecular basis of this reversibility could be
explained by the fact that MLC1 protein expression in humans reaches its high at one
year of age. Then, it progressively decreases until 5 years of age, where it stabilized
(Dubey et al., 2015). Therefore, we hypothesize that a minimal amount of protein might

be enough after 5 years of age, but not at earlier stages. Similarly, in Mic1 KO mice
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(Hoegg-Beiler et al., 2014), the re-expression of minimal amounts of MLC1, even in adult

animals, can abolish the vacuolation observed in the KO (Sanchez et al., 2020).

These results open the door to the development of therapies aimed at administering low
doses of MLC1. In this sense, gene therapy could be an option for MLC patients (Bosch
and Estévez, 2020). The use of antisense oligonucleotides or RNA editing could be
beneficial to ameliorate the symptoms observed in patients with MLC splicing variants
(Booth et al., 2023, Hill and Meisler, 2021). Moreover, it was previously demonstrated
that the use of an antisense morpholinated oligonucleotide restored in vitro normal

splicing of one MLC variant (Mancini et al., 2012).

Regarding the identification of GPRCS5B as the third gene causing MLC and after the
studies that showed that MLC1 and GlialCAM proteins might regulate GPRC5B activity,
we believe that the regulation of GPRC5B signalling might be crucial in the pathogenesis
of MLC. Thus, GPRC5B might be a proper therapeutic target to develop new therapies
for the disease. However, since GPRC5B is expressed ubiquitously, therapeutic

strategies should be directed to the brain to avoid significant side effects.
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The characterization of an MLC patient carrying two splicing mutations in MLC1
and presenting a remitting phenotype concluded that the presence of residual
amounts of MLC1 protein is sufficient to improve the clinical phenotype.

In the CNS, we propose that GPRC5B signalling is regulated negatively by MLC1
and positively by GlialCAM, forming an MLC signalling complex. Based on our
results, we propose a mechanistic model of the MLC signalling complex, where
depolarization causes GlialICAM/GPRCS5B internalization, and signalling in

intracellular compartments.

. We have found that GPRC5B patient-derived MLC mutants are more stable and

interact significantly more with both MLC1 and GlialCAM, and they are able to
signal. However, we propose that its increased stability impedes its internalization
by GlialCAM, leading to a defect in intracellular signalling.

. We suggest that GlialCAM IgC2 domain forms lateral interactions with adjacent
GlialCAM molecules. We propose that the molecular mechanism of pathogenesis
of GlialCAM containing MLC mutations in its IgC2 domain is that these mutations
provoke a gain of stability. This gain leads to a lack of internalization by GPRC5B

resulting in an impaired intracellular signalling.

. We have improved the resolution of the structure of MLC1 by cryo-EM to around

a 7 A resolution.

. We have been able to obtain nanobodies that are able to recognize the human

MLC1 protein with low affinity. Further characterization of these nanobodies is

needed for their use in different applications.
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Abstract: Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of
vacuolating leukodystrophy (white matter disorder), which is mainly caused by defects in MLC1
or glial cell adhesion molecule (GlialCAM) proteins. In addition, autoantibodies to GlialCAM are
involved in the pathology of multiple sclerosis. MLC1 and GLIALCAM genes encode for membrane
proteins of unknown function, which has been linked to the regulation of different ion channels and
transporters, such as the chloride channel VRAC (volume regulated anion channel), CIC-2 (chloride
channel 2), and connexin 43 or the Na* /K*-ATPase pump. However, the mechanisms by which MLC
proteins regulate these ion channels and transporters, as well as the exact function of MLC proteins
remain obscure. It has been suggested that MLC proteins might regulate signalling pathways, but the
mechanisms involved are, at present, unknown. With the aim of answering these questions, we have
recently described the brain Glial CAM interactome. Within the identified proteins, we could validate
the interaction with several G protein-coupled receptors (GPCRs), including the orphan GPRC5B and
the proposed prosaposin receptors GPR37L1 and GPR37. In this review, we summarize new aspects
of the pathophysiology of MLC disease and key aspects of the interaction between GPR37 receptors
and MLC proteins.

Keywords: megalencephalic leukoencephalopathy with subcortical cysts; Glial CAM; MLC1; GPRC5B;
GPR37L1; GPR37; glia; ion; water homeostasis

1. Introduction

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare genetic
type of leukodystrophy (OMIM 604004). It is a childhood-onset hereditary disease charac-
terized by white matter vacuolation and macrocephaly, which is developed during the first
year of life. Most MLC patients present a progressive loss of motor functions with ataxia
and spasticity, cognitive decline and epileptic seizures [1]. Symptomatology often worsens
after fever or mild head trauma [2].

Magnetic Resonance Imaging (MRI), which is used for diagnostics, shows that pa-
tients display diffuse signal abnormality and swelling of the cerebral white matter to-
gether with the presence of subcortical cysts, mainly in the anterior temporal regions [3].
Furthermore, MRI together with the histopathology of the brain of an MLC patient revealed
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that myelin contains water-filled vacuoles [4]. Up to date, MLC has no cure. Treatment is
symptomatic in combination with supportive care.

Two different phenotypes of MLC disease have been described: a classical and a
remitting phenotype [5]. The classical phenotype is the most commonly found in patients.
It is caused by autosomal recessive mutations in either the MLC1I or the hepatic cell ad-
hesion molecule (HEPACAM) genes, resulting in two disease subtypes, namely MLC1
or MLC2A. The remitting phenotype, named MLC2B, is caused by dominant mutations
in HEPACAM [6]. Approximately 76% of patients present mutations in MLC1, 22% in
HEPACAM and 2% of MLC cases cannot be explained by mutations in these two genes,
suggesting that others might be implied in the disease [2].

MLC1 encodes for a membrane protein with eight predicted transmembrane domains
whose function remains unknown. It is expressed exclusively in the brain in astrocytes
surrounding blood vessels and Bergmann glia in the cerebellum [7]. More than 50 mutations
have been described for MLC1, including missense, deletions, insertions and nonsense
mutations [1].

On the other hand, HEPACAM encodes for a cell adhesion molecule of the im-
munoglobulin (Ig) family named GlialCAM, which is expressed predominantly in neurons,
astrocytes and oligodendrocytes [6]. GlialCAM was first identified in hepatic cancer, where
it was downregulated, but it is predominantly expressed in glial cells [8]. Glial CAM can
form interactions with other GlialCAM molecules in cis (within the same cell) or trans
(between different cells) [9]. Glial CAM acts as an endoplasmic reticulum (ER) chaperone
for MLC1 [10] and it also helps MLC1 to reach astrocyte-astrocyte junctions where both pro-
teins co-localize [6,11]. Apart for being involved in MLC, recently, it has been described that
autoantibodies recognizing Glial CAM might be involved in the development of multiple
sclerosis [12].

The pathophysiological mechanisms leading to MLC are still unclear [13]. Even though
the function of the MLC1/GlialCAM complex is unknown, it has been hypothesized that it
may have a role in the regulation of ion/water homeostasis, as it interacts with different
transporters and ion channels. Thus, it has been shown that the complex interacts directly
with the chloride channel 2 (CIC-2) [14], the gap junction alpha 1 protein (connexin 43,
Cx43) [15-17], Na*/K*-ATPase [18,19], and it is thought to regulate indirectly the activity
of volume-regulated anion channel (VRAC) [10,20,21] or the calcium-permeable channel
TRPV4 [22]. Recent bioinformatics developments have suggested new potential functions
for the Glial CAM/MLC1 complex (see Section 2).

2. Novel Insights into Glial CAM/MLC1 Function by Alphafold Structural Models

Powerful sequence-alignment methodologies have been used to identify possible func-
tional MLC1 homologues. The underlying assumption of these sequence-based methods is
that proteins with similar sequences adopt a similar fold. As protein folding determines
function, the detection of evolutionary relationships between proteins can be used to predict
functions of non-annotated protein sequences. Thus, MLC1 sequence identity analysis by
BLAST/PSI-BLAST algorithm identified the voltage gated potassium channel Kv1.1 alpha
subunit (KCNA1) as the protein with the highest sequence identity (less than 20% amino
acid identity) [23], suggesting that MLC1 could act as an ion channel. In agreement with
this hypothesis, it is known that MLC1 can form homo-oligomers, a characteristic found in
many ion channels proteins [24]. Moreover, MLC patients may present epileptic seizures,
which is a common feature in ion channel diseases, but not in leukodystrophies [25].
Taking all these data into consideration, the first hypothesis regarding MLC1 function
was that it could act as an ion channel. Nevertheless, voltage-clamp measurements in
Xenopus oocytes did not detect any changes in the conductance and neither did patch clamp
measurements in HEK293T or HeLa transfected cells. For those experiments, different
pulse protocols and various pulse durations were applied and no conductivity of MLC1
was detected, even in the presence of Glial CAM [26].
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The functional characterization of MLC1 is necessary to understand its physiolog-
ical relevance. As the 3D structure of a protein is believed to be responsible for its bio-
logical function, protein structure can provide a better insight into which protein frag-
ments contribute most to the functionality of a protein compared to the primary sequence.
In fact, residues located far apart in primary sequence may be close in the 3D structure.
Recently reported MLC1 structural models [27,28] suggest a protein fold based on a 4 + 4
structural repeat, involving transmembrane regions (TMs) 1-4 and 5-8 (Figure 1A,B).
Interestingly, although mutations found in MLC patients are spread through all the protein
sequence, a significant number of identified missense MLC1 mutations are mainly localized
on the interphase between MLC1 internal repeats (Figure 1C). As MLC1 mutations have
been reported to cause protein instability, which consequently causes its degradation at the
endoplasmic reticulum or lysosomes [29-31], we propose that proper interaction between
MLC1 internal repeats is of key relevance for proper protein folding and endoplasmic
reticulum sorting. Similarly, recently reported MLC1 homo-trimeric complex in detergent
micelles and proteoliposomes [24], suggests that mutations affecting MLC1 monomers
interaction would also affect protein stability. However, the lack of a 3D structure at atomic
resolution precludes the identification of putative protein-protein interaction regions.
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Figure 1. Structural models of MLC1 and GlialCAM proteins. (A) Alphafold structural model
of monomeric MLC1. Helices 1 to 4 and 5 to 8 are coloured pale green and wheat, respectively.
(B) Structural superimposition of the two MLC1 subdomains, comprised of TMs 1 to 4 (pale green)
and 5 to 8 (wheat), respectively. Two different views, rotated by 90°, are shown. (C) MLC causing
mutations (red) depicted in the MLC1 structural model. Preferential localization of mutated residues
is located in the interaction surface defined by the two MLC1 subdomains (TMs 1 to 4 (pale green) and
5 to 8 (wheat)). (D) Structural superimposition of MLC1 structural model TM1 to 4 (pale green) and
a prokaryotic soluble copper storage protein from Streptomyces lividans (light grey) (PDB ID 6Q6B).
Two different views, rotated by 90°, are shown. (E) Summary of the structural model proposed for
Glial CAM homodimers forming cis and trans interaction through different surfaces of its IgV domain.
Cis dimerization is achieved by interactions between two opposing beta-strands of the IgV domain
and trans interactions occur between salient loops of both IgV domains. Residues mutated in MLC2A
patients (recessive) are shown in green, Residues mutated in MLC2B patients are shown in red or
blue (affecting blue the interactions in trans only).
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The growing number of known protein structures and structural models has motivated
the interest into developing approaches that aim to identify the protein functions from the
structure. Among them, methods comparing the global fold of a query protein with other
template proteins of known function are commonly used. Identification of proteins similarly
folded to whole MLC1 and TM1-4 MLC1, using the PDBeFold algorithm [32], revealed both
prokaryotic and eukaryotic proteins with a similar 3D fold. Particularly, PDBeFold analysis
of the TM1-4 MLC1 subdomain resulted in the identification of a prokaryotic soluble
copper storage protein from Streptomyces lividans (PDB ID 6Q6B) (Figure 1D), suggesting
that maybe MLC1 would be involved in ion sensing. However, further research should be
conducted to solve this issue.

In addition, based on the identification of the interactome of Glial CAM and MLC1, we
recently proposed that MLC1 could act as a tetraspanin-like molecule [16]. Tetraspanins are
cell-surface proteins with four transmembrane domains, which can homo- and hetero-
oligomerize. They participate in a wide variety of cellular processes such as adhesion,
differentiation and cell activation [33]. In many cases, they also form a tight complex with
proteins belonging to the Ig superfamily, as it happens with MLC1 and GlialCAM.

Our recent work based on 3D models combined with biochemical analyses indicated
that GlialCAM forms interactions in cis through an interaction surface comprising residues
Glutamate 86 to Arginine 92 in the IgV domain [9] (Figure 1E). Furthermore, two other
loops might also be involved in the formation of trans- interactions, which are blocked by a
nanobody generated against Glial CAM. Residues causing dominant MLC are located in
these two interaction surfaces (Figure 1E). It remains to be determined whether the IgC2
domain contributes to the formation of lateral interactions as it has been observed in other
Ig proteins, or if it also mediates interaction with the MLC1 protein.

3. Physiological Processes Affected in MLC Deduced from Animal Models of MLC

The main characteristic observed in MLC patients is that the brain is enlarged with
increased water accumulation. Water is accumulated in subcortical cysts but also, in
a general manner, in the outer part of myelin [4] and in astrocytes surrounding blood
vessels [34]. Similarly, the lack of MLC1 or Glial CAM in knockout (KO) mice [18,35-37] or
KO zebrafish [7,38] leads to an increased brain water content and cerebellar white matter
vacuolation, although no cysts are observed. Moreover, in humans, the oedema is localized
mainly in the subcortical white matter, while vacuoles are found in the cerebellum of
KO mice. Although vacuoles of water in myelin sheaths that enwrap axons of central
neurons can be observed in both patient biopsies and mice samples, still the developmental
myelination process is not altered. Considering astrocytes, histological studies revealed
that Mic1 KO mice presented abnormal astrocytes with thicker cell processes, swollen
cell bodies and enlarged end-feet, although the length and number of these cells were
not altered [34]. Primary astrocytes from MIc1 KO showed an increase in the number
of vacuoles [7]. In summary, although there are differences between human and animal
models, they show in common an increase in the content of water in the brain, which is
accumulated in the form of vacuoles in myelin or in astrocytes.

Why does the lack of MLC1 lead to an increased water content in the brain? The first
hypothesis was that MLC1 functions as a water or ion channel, and its defect causes water
accumulation due to osmotic alterations linked to neuronal activity [23]. However, this ac-
tivity has not been detected after expressing the MLC1 protein alone or together with Glial-
CAM in different cell systems [26]. Thus, a search for other proteins interacting with MLC1
and/or Glial CAM to find a connection with the patient’s brain phenotype was developed.
Unsurprisingly, several transporters and ion channels were identified by different groups
(for review [13]). In an extensive proteomic analysis [16], we have recently identified the
following interactor proteins: the chloride channel CIC-2, the gap junction protein Cx43, the
glutamate transporter EAAT1/2, the alpha2 and beta2 subunits of the sodium /potassium
ATPase, the sodium bicarbonate transporter NBCel, the glucose transporter GLUT1, and
the sodium calcium exchanger. Furthermore, although not appearing as MLC interacting
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proteins, other activities have been shown to be affected by the lack of MLC1 such as
the volume regulated anion channel (VRAC) or the calcium-permeable channel TRPV4.
It has been clearly demonstrated that the activity of the chloride channels CIC-2 [37] and
VRAC [21,35] and of the gap junction protein Cx43 [15] are affected in vivo. Thus, one
possible hypothesis is that the lack of activity of some of these proteins is the reason that ex-
plains myelin vacuolization. In agreement with these hypotheses, a Clcn2 KO mouse model
displayed widespread vacuolization, including the cerebellum [37]. Similarly, defects of
connexins have also been linked to myelin vacuolization [39]. As LRRCS8 proteins of VRAC
channels are involved in cell volume regulation and their absence cause cell vacuolation in
several tissues, it will be important to analyse whether a conditional (because the complete
KO is deleterious [40]) astrocyte KO of LRRC8A [41] (the main constituent of the VRAC
channel [42,43]) also displays astrocyte and myelin vacuolization.

In contrast to other leukodystrophies, MLC patients can suffer from seizures [25]; still
the underlying mechanism that links MLC to epilepsy is not known. In this sense, both
Glialcam and Mlc1 KO mice present an abnormal extracellular K* dynamics and neuronal
network activity, as they had an epileptiform brain activity and a lowered seizure thresh-
old [44]. As described previously, defects in either the MLC1 or GlialCAM interacting
proteins’ function might also affect extracellular potassium dynamics. Astrocyte uptake
is mainly mediated by the Na* /K" ATPase pump [45], an interactor of MLC1 [16,18,19].
In Mic1 KO mice, there is a reduced expression of the inward rectifier potassium channel
Kir4.1 involved in potassium clearance [35], whose absence is known to lead to hyperex-
citability and epilepsy [46]. The interaction of Glial CAM with the CIC-2 chloride channel
increases total current amplitudes and abolishes the rectification of CIC-2, which is thus
opened at positive voltages [14]. In addition, this interaction opens the CIC-2 common
gate, which is closed by acidic pH. This reduction in the inward rectification will allow the
influx of chloride, which may be needed to maintain the electroneutrality after potassium
intake in glial cells [47]. Connexins are also essential to disperse local high potassium
concentrations through a glial syncytium. It must be considered that disturbed astrocyte
regulation of water homeostasis in MLC affecting the VRAC channel might also cause
hyperexcitability of neuronal networks and seizures.

Importantly, perivascular astrocytes by itself, where MLC1 expression is higher and
can even be considered a marker of these cells [48], are essential to the maintenance of an
adequate blood brain barrier, which is also important for the clearance of potassium [49].
In this sense, it has recently been shown that the lack of MLC1 affects the perivascular astro-
cytic processes” molecular maturation and organization. In MlcI KO mice, an accumulation
of fluid in the brain occurs, although this does not alter the blood-brain barrier integrity
and neither the organization of the endothelial network. It has been determined that
MLC1 might play a role in contractile maturation of vascular smooth muscle cells, arterial
perfusion, and neurovascular coupling. Its absence disturbs the postnatal acquisition of
contractile properties by vascular smooth muscle cells and disrupts blood perfusion, vessel
diameter and neurovascular coupling [50]. Thus, not only affecting different ion channels
and transporters in astrocytes can cause water increase and it might be that disruption
of gliovascular unit by itself might contribute also to the increase in water content and
seizures observed in MLC patients.

Another important aspect to consider in the pathophysiology of MLC is that MLC1 is
expressed in astrocytes, whereas its auxiliary subunit Glial CAM is expressed in astrocytes,
oligodendrocytes, and neurons [15,37]. Importantly, GlialCAM regulates astrocyte com-
petition for territory and morphological complexity in the developing mouse cortex [15].
It has been shown that the lack of MLC1 causes Glial CAM mislocalization by an unknown
mechanism in astrocytes [7], but also in oligodendrocytes [37], possibly because astrocytic
GlialCAM interacts in trans through the IgV domain with oligodendrocytic Glial CAM.
Moreover, the mislocalization of Glial CAM also affect to the localization of CIC-2 in oligo-
dendrocytes, as shown by immunofluorescence and electrophysiological measurements of
CIC-2 activity in oligodendrocytes on cerebellar slices [37]. In line with these studies, it has
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been recently shown that the lack of GlialCAM in astrocytes in vivo decreases synaptic in-
hibition and, therefore, increases excitation, which may also explain seizures [15]. As CIC-2
and Glial CAM are also expressed in inhibitory synapses, this change in synaptic function
might also be related to disorganization of Glial CAM (astrocyte)-GlialCAM (neuron) trans
contacts. It could also be related to the mislocalization of other interacting partners such
as Cx43, which in turn might also interact with connexins present in oligodendrocytes
(connexin 47) [51] and/or neurons.

As previously stated in this review, the functional role of the Glial CAM/MLC1 com-
plex is still unknown. Nevertheless, it has been described that several proteins and pro-
cesses related to brain homeostasis are affected in a Glial CAM or MLC1-dependent manner
and it is not clear how Glial CAM and MLC1 exert this effect on the activity of different
ion channels and transporters. A suggested hypothesis argues that they might influence
signalling cascades by yet undefined mechanisms [52], which may regulate these channels
or transporters. In this regard, GlialCAM and MLC1 have been related to signal trans-
duction changes. For instance, it has been described that the overexpression of human
MLC1 in astrocytes decreases the phosphorylation of extracellular signal-regulated kinases
(ERK), whereas primary astrocytes lacking MLC1 show an increase in phosphorylation [21].
Nonetheless, the mechanisms involved in this process remain unresolved.

In summary, Glial CAM and MLC1 seem to regulate the activity of many different
transporters and ion channels in different cell types (Figure 2), possibly by regulating
phosphorylation of these proteins. An anomalous activity of these proteins might contribute
to the defects observed in the regulation of the extracellular water and ionic homeostasis,
which could explain the increased water content and seizure susceptibility of MLC patients.
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Figure 2. Physiological alterations caused by the lack of MLC1 and/or GlialCAM.
MLC1/Glial CAM might regulate the activity of different transporters and ion channels through
phosphorylation of ERK signalling transduction cascade. In the absence of MLC proteins, the activity
of different transporters and ion channels is altered, such as the activity of CIC-2, VRAC, Cx43 and
Na*/K* ATPase. During the hyperpolarization phase of a neuronal action potential, the activity of
the chloride channel CIC-2 is decreased in the absence of MLC1/Glial CAM. The lack of MLC proteins
diminishes VRAC activity, which leads to an impaired regulatory volume decrease (RVD) response:
an important mechanism to shrink cells after cell swelling. The Cx43 localization in the absence of
MLC1/GlialCAM is affected as it is internalized and it is no longer located at cell-cell junctions. It is
thought that the activity of the Na* /K* ATPase is altered when MLC proteins are not present.
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4. Regulation Mechanism of Different Transporters and Ion Channels by MLC
Proteins: Is a GPCR Link the Answer?

Recently, our research group identified the Glial CAM interactome through an ap-
proach based on affinity purifications (APs) [16]. Four different antibodies specific for
GlialCAM were used on samples consisting of membrane fractions prepared from whole
brains from adult animals. These included wild type (WT) rats and mice, as well as Glialcam
KO mice. The previously validated interactors MLC1, CIC-2 and Glial CAM itself were re-
tained in all APs with high efficiency, reinforcing the robustness of this approach. We could
identify as many as 21 proteins within the Glial CAM interactome in the rodent brain, some
of them already linked to MLC as mentioned above. Within the proteins identified as part
of the network of GlialCAM, there were three specific G protein-coupled receptors (GPCRs).
Specifically, we retrieved the orphan receptors GPRC5B [53], which we suggested that
mutations in this gene could be found in MLC patients without mutations in MLC1 and
HEPACAM, and the proposed binders of prosaposin GPR37 and GPR37L1 [54,55]. It is in-
teresting to note that the latter two GPCRs belong to the same protein family. Therefore, we
proceeded to determine the potential interaction and the relationship between these GPCRs
and MLC-related proteins (Glial CAM/MLC1 and CIC-2). As the purpose of this review is
to update the knowledge of the GPR37 family, we will focus on these two proteins.

The GPR37 and GPR37L1 proteins are part of class A rhodopsin-like family of GPCRs,
which comprises 80% of all identified GPCRs [56]. Both are considered orphan receptors as
no ligand has conclusively been linked to them in vitro [55]. The two GPCRs are widely
expressed in the CNS [57]. GPR37 is mainly expressed in the cerebellum, corpus callo-
sum, medulla, putamen, caudate nucleus, substantia nigra and the hippocampus [58-61].
Specifically, oligodendrocytes are the cell type displaying a higher expression of GPR37
together with certain subsets of neurons like dopaminergic neurons in the substantia ni-
gra [62]. On the other hand, GPR37L1 is exclusively expressed in glial cells within the
brain, in particular Bergmann glia astrocytes in the cerebellum [63], as well as immature
oligodendrocytes [64].

Studies carried out in Gpr37 KO mice revealed that GPR37 acts as a negative regulator
of oligodendrocyte differentiation and myelination. The lack of GPR37 leads to premature
differentiation of pre-myelinating oligodendrocytes to myelin producing cells. This alter-
ation is a cause of central nervous system hypermyelination in these mice, already at a
very young age and up until adult stages [64]. Furthermore, experiments performed both
in primary oligodendrocytes and in brain-derived samples obtained from Gpr37 KO mice
show an increase in ERK1/2 phosphorylation. Pharmacological inhibition of MEK1/2 and
ERK1/2 seemed to stop premature differentiation of oligodendrocytes in the absence of
GPR37. This inhibition, however, did not affect normal cell proliferation [65]. In addition,
adenylyl cyclase inhibition resulted in the impairment of ERK1/2 translocation to the
nucleus. Taken together, these data suggested that this pathway is indeed responsible for
GPR37 activation during oligodendrocyte differentiation.

Regarding GPR37L1, several studies have highlighted its relevance in the developing
brain. One study showed that the lack of Gpr3711 led to altered cerebellar development in
mice [63]. The animals displayed a reduction in neuronal granule cell precursors together
with premature maturation of Bergmann glia and Purkinje neurons. Cerebellar layer
formation was also altered. However, the authors observed that KO mice seemed to
perform better in motor tasks. Motor learning was improved both in juvenile and adult
stages, while the adult animals also showed better coordination skills. Furthermore, it
has been suggested that Gpr3711 could play a role in recovery after ischemic injuries,
possibly by modulating glutamate transporters [66], which also form part of the Glial CAM
interactome [16].

5. Biochemical Relationship between the GPR37/GPR37L1 and MLC Proteins

As detailed above, these two GPCRs, that were identified as members of the Glial CAM
interactome, play an important role in mediating a variety of processes in the central
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nervous system. Hence, our research group was particularly interested in the analysis of
the potential role of these GPCRs in MLC pathophysiology. The first experiments that
were carried out aimed to validate the proteomics data regarding the interaction between
these proteins and Glial CAM/MLC1 [16]. As MLC1 and GPR37L1 are both expressed in
astrocytes, we initially focused our studies on this GPCR. We could establish that there was
co-localization between GPR37L1 and MLC1 by immunofluorescence in mouse primary
astrocytes. Furthermore, both proteins were in proximity in the same cells, as assessed by
Proximity Ligation Assay (PLA) [16]. Moreover, the ability of each of the two GPCRs to
directly interact with either MLC1 or Glial CAM was monitored by split-tobacco etch virus
(TEV) assays for GPR37 (Figure 3) and bioluminescence resonance energy transfer (BRET)
studies in HEK293T cells for GPR37L1 [16].
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Figure 3. Direct Interaction between GPR37 and Glial CAM/MLC1. Results of split-TEV interaction
assays in HeLa cell using GPR37 C-terminally tagged with the N-terminal part of the TEV protease
(TevSpA). They were co-transfected with different constructs (GPR37, GlialCAM, MLC1 and 4F2 as
a negative control) C-terminally tagged with the C-terminal part of the TEV protease. Plotted data
combine the results from three independent experiments. Statistical significance was obtained com-
paring the interaction within each group to the interaction with the negative control in Bonferroni’s
multiple comparison test (* p < 0.05, ** p < 0.01 in the test versus 4F2). Results show that GPR37 is
able to homo-oligomerize and hetero-oligomerize with Glial CAM and MLC], in the same manner as
shown for GPR37L1 by BRET.

The above summarized results support the formation of complexes between the
GPCRs and MLC-related proteins in living cells. More work was carried out to further
characterize the nature of the relationship between these proteins and the physiological role
of these complexes. In collaboration with the group led by Daniela Marazziti, we started
to address these questions using the Gpr3711 constitutive KO mice [63]. As the animals
showed no alteration of adult cerebellar layer cytoanatomy and organization and there
was no apparent sign of gliosis, it was considered that the analysis of MLC proteins in
Gpr3711 KO mice could elucidate direct effects of GPR37L1 on MLC protein expression
and function.

Biochemically, the first step was to analyse the consequences of the lack of GPR37L1
on MLC1 and GlialCAM protein levels [16]. Western blot experiments of cerebellar mem-
brane fractions indicated that both proteins were upregulated in the Gpr3711 KO samples.
Likewise, CIC-2 protein levels were also increased. Similarly, in immunofluorescence la-
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belling experiments of MLC1 and GlialCAM in cerebellar Bergmann glia samples, an
increased signal was observed. These in tissue results were consistent with what was
observed in primary astrocytes derived from these mice, in which an increased signal for
MLC-related proteins was revealed. However, the MLC proteins and CIC-2 showed a
more dotted pattern compared to the WT signal. To determine whether MLC1 subcellular
localization was altered in Gpr37I1 KO mice, we proceeded to detect MLC1 by electron
microscopy (EM) immunogold experiments. These experiments showed that the localiza-
tion of MLC1 in Bergmann glia or in perivascular astrocytic processes was not affected.
In summary, we concluded that the lack of GPR37L1 in mice upregulates MLC protein
levels without altering their localization [16]. No studies have so far been performed in
Gpr37 KO mice.

6. Possible Role of GPR37 and GPR37L1 in MLC Pathophysiology

As the lack of GPR37L1 increases MLC proteins levels, it was suggested that GPR37L1
might be a negative regulator of MLC proteins in astrocytes (Figure 4). Interestingly, previ-
ous studies [67] have suggested that GPR37 interacts and negatively regulates dopamine
transporters by regulating their endocytosis and trafficking. As stated previously, GPR37
has been described to act as a negative regulator of myelin formation [64]. As the proper
expression of Glial CAM/MLC1 is necessary for myelin homeostasis, we could hypothe-
size that GPR37L1 would exert a similar negative effect regulating the Glial CAM/MLC1
complex during development (Figure 4).
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Figure 4. Model for the interplay between GPCRs and MLC-related proteins. The existing pieces
of evidence in the literature and the results from our lab lead us to think that GPR37 and GPR37L1
would be part of an interplay with MLC-related proteins. Specifically, we hypothesize (question mark

clc-2

for GPR37 in oligodendrocytes) that these GPCRs would be negative regulators of the physiological
MLC1/Glial CAM complex activity.

Previous studies indicated that the interaction between Glial CAM /MLC1 and CIC-
2 in primary cultured astrocytes was dynamically regulated, and it was observed only
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in depolarizing conditions [47]. Then, we addressed whether the interaction between
GPR37L1 and MLC1 was also regulated in a dynamic manner, and compared the interaction
between GPR37L1 with MLC1 in physiological versus depolarizing conditions in primary
astrocyte cultures [16]. The PLA assays indicated that the interaction between GPR37L1
and MLC1 was decreased, whereas the interaction with the orphan GPCR5B was increased.
As GPRCS5B interacts more with MLC1 in depolarizing and hypotonic conditions, the
activity of GPRC5B might be important in metabolic processes related to changes in the
ionic composition. In contrast, we hypothesize that signalling through GPR37L1 might
be related to cell differentiation processes. In line with this hypothesis, as mentioned
previously, the lack of GPR37L1 resulted in an increase of phospho-ERK1/2, which has
also been seen in Mlc1 KO cells [21].

Another similar correlation has been found recently between MLC proteins and
GPR37L1. As mentioned previously, MLC patients [25] and MIc1 KO mice [44] show in-
creased seizure susceptibility. A homozygous GPR37L1 variant (c.1047G > T [Lys349Asp])
has been found in a patient with myoclonus epilepsy [68]. Furthermore, both Gpr37 and
Gpr3711 KO mice showed an increase in seizure susceptibility [68]. These results are consis-
tent with a possible functional link between these GPCRs and MLC disease. However, it is
important to state that future research is needed to understand how Glial CAM and MLC1
modulate GPCR-associated signalling processes.
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ARTICLE INFO ABSTRACT

Keywords:
Megalencephalic leukoencephalopathy with
subcortical cysts

Megalencephalic leukoencephalopathy with subcortical cysts (MLC) is a rare type of vacuolating leukodystrophy.
Approximately 75% of MLC patients have variants in MLC1, while the rest in GLIALCAM, GPRC5B and AQP4.
From the GLIALCAM patients, a classical and a benign phenotype can be distinguished, in which a recessive and

gzzi;ng phenotype dominant inheritance is observed, respectively. Here, we report a new MLC patient harboring two variants in

Mutations MLC1 with radiological improvement. The patient is heterozygous for the variants ¢.597+37C>G and

MLC1 ¢.895-1G>T affecting both mRNA splicing, and the latest causes the deletion p.Pro299_Glu353del. By analyzing
mRNA and protein obtained from patient’s peripheral blood leukocytes, we could demonstrate the expression of
a small amount of wild-type MLC1 mRNA and protein in the patient. Thus, we suggest that the improvement of
clinical and radiological abnormalities observed in all remitting MLC patients might be due to the presence of
residual amounts of MLC1 protein.

Introduction dominant variants in GLIALCAM (MLC2B, MIM 613,926) [4]. Recent

Megalencephalic leukoencephalopathy with subcortical cysts (MLC)
is a rare type of leukodystrophy (inherited white matter disease) char-
acterized by early-onset macrocephaly, epilepsy, late-onset mild mental
deterioration and cerebral white matter edema [1]. Patient’s MRI shows
diffuse signal abnormalities of the cerebral hemispheric white matter
and the presence of subcortical cysts, mostly located in the anterior
temporal region. Based on the clinical phenotype, two groups of MLC
patients have been defined: the classic phenotype, in which patients
deteriorate, and the remitting phenotype, in which patients show an
improvement over time [2].

Classic MLC is caused by recessive variants in the MLC1 gene (MLC1,
MIM 604,004) or recessive variants in the GLIALCAM gene (MLC2A,
MIM613925) [3,4]. In contrast, patients with remitting MLC present

work identified two siblings with variants in AQP4 in remitting MLC,
and three patients with two de novo heterozygous variants in GPRC5B in
classic MLC [5], which was also identified as a MLC1 and GlialCAM
interacting protein [6]. Compared to classic MLC where patients develop
neurological signs after the first years, in remitting MLC patients’
neurological deterioration does not occur, and although initially MRI
abnormalities resemble classic MLC, they improve or normalize [7].
Moreover, it has been described that two patients with MLC1 also pre-
sented a radiological improvement, but a detailed characterization is
lacking [7]. Here, we identify a novel MLC1 patient that shows a
remitting phenotype. We performed genetic and biochemical studies to
characterize it.

Abbreviations: MLC, Megalencephalic leukoencephalopathy with subcortical cysts; MRI, Magnetic resonance imaging; PBL, peripheral blood leukocytes.
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Case report

Clinical details are summarized in Supplementary Table 1. The pa-
tient is now an eleven-year-old boy. His-father is healthy and has a slight
macrocephaly. Since the first month of life, the child had evident mac-
rocephaly, being in the percentile>98 group (the brain ultrasound was
normal). He was diagnosed with familial macrocephaly due to a history
of macrocephaly in the father. At 13 months, he presented a mild simple
motor delay along with a delay in cognitive development. Thus, a brain
MRI was performed, which showed diffuse signal abnormality and
swelling of the cerebral white matter (Fig. 1A). As previously noticed in
classic MLC patients [7], there was an abnormal signal in the posterior
limb of the internal capsule (Fig. 1A) and slight signal abnormalities in
the cerebellar white matter (Supplementary Fig. 1). In addition, the
presence of at least one right temporal subcortical cyst was detected
(Fig. 1B). A second MRI was performed at three years of age. Swelling
was slightly reduced, and the subarachnoid spaces were more visible
(Fig. 1A). The central structures including the internal capsule were
relatively preserved. Temporal cysts were present on the right and more
clearly on the left (Fig. 1B). No cystic lesions were found in other lo-
cations outside of both temporal lobes. Cerebellar white matter abnor-
malities were not present (Supplementary Fig. 1). A third MRI was
performed at 9 years of age. Interestingly, a much more reduced swelling
and signal abnormalities were observed (Fig. 1A). The patient has never
had epilepsy. The motor, language and cognitive evolution has been
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favorable. He is educated in relation to his age getting good academic
results. At the motor level, he can now run, jump, go up and down stairs
without difficulty and ride a bicycle.

Molecular studies

Tethered sequencing of cDNA demonstrated that the father carries
the ¢.597+37C>G and the mother carries the ¢.895-1G>T (p.Pro299 -
Glu353del) variants in the MLC1 gene (Supplementary Table 1). On one
hand, the ¢.597+437C>G variant creates a splice acceptor in intron 7. A
recent study identified this variant in another MLC patient [8] and
demonstrated by a Minigene splicing assay that this variant results into
the creation of 2 novel mRNA isoforms. On the other hand, the
¢.895-1G>T variant also affects splicing, in this case, the splice acceptor
site of exon 11, which causes a large deletion in the protein sequence (p.
Pro299_Glu353del) and resulted in a shorter RNA sequence (Fragment
R3, Fig. 2A and 2B). Surprisingly, we found that the father also has this
shorter mRNA sequence although with lower intensity. It has previously
found [9] the presence of a MLC1 isoform lacking exon 11 in healthy
controls with variable intensity, correlating with the presence of the
benign polymorphism ¢.1059+16G>A. Nevertheless, a variant affecting
the same nucleotide ¢.895-1G>C has been reported in a MLC1 patient
[10]. Therefore, we concluded that these two variants are pathogenic by
affecting splicing.

The improvement observed by MRI and the clinical exploration

Fig. 1. MRI findings in a patient with MLC containing two MLC1 variants. at age 1, 3 and 9 years. (A) The T2-weighted axial images of the hemispheres show diffuse
white matter abnormalities that improve with time. The signal abnormalities observed in the posterior limb of the capsule at the age of 1 and 3 years indicated with
an arrow, are much more reduced at 9 years. (B) FLAIR sequences showing the evolution of temporal cysts at different ages. Arrows mark the cysts.
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Fig. 2. Detection of wild-type MLCI mRNA and protein in PBLs from the patient and his father. (A) Scheme of the strategy with the primers used to detect and
quantify the wild-type allele and to confirm the skipping of exon 11. cDNA amplification of the PCR products originated with the primers designed (regions R1, R2
and R3). F = Father, P = Patient and C- = Negative control. (B) Sequence of the two fragments obtained when amplifying exon 10 to 12, confirming the skipping of
exon 11 in the shorter fragment. (C) Quantitative real time PCR data indicating the presence, although at reduced level of the wild-type MLC1 transcript in the patient
(which was statistically significant; *P< 0.05 t-test versus father, n = 4). D) Detection of MLC1 in PBLs from both the patient and his father via Western blot. The
detection of human MLC1 in transfected HEK293T cells was used as a control. Tubulin was used as a loading control.
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could be reasoned by an incomplete penetrance of the splicing variant,
which may lead to the expression of some wild-type MLC1 protein. Thus,
from blood samples of both the patient and his father, cDNA was ob-
tained. To quantify the level of WT transcript in the patient, we designed
a primer pair covering the cDNA sequence from the end of exon 10 and
the beginning of exon 11 (Fig. 2A, Fragment R2). As in the other MLC1
allele the patient has a variant that induces the skipping of exon 11,
amplifying this sequence assured us the specificity for the WT transcript
avoiding the interference from the mRNA generated by the allele with
the ¢.895-1G>T variant. Furthermore, as other authors proposed [11],
to normalize the expression of the WT transcript, we amplified a com-
mon region of all the transcripts (the end of exon 4 and the beginning of
exon 5, fragment R1) (Fig. 2A).

Quantitative PCR results revealed that the percentage of wild-type
MLC1 transcripts in the patient was 25%, while in the father was 66%,
relative to each control MLCI gene region (Fig. 2C).

To verify that the presence of the wild-type MLC1 transcript resulted
in the presence of MLC1 protein, a solubilized extract from peripheral
blood leukocytes (PBLs) from both the father and the patient was ob-
tained and anti-human MLC1 antibodies were used to detect MLC1
protein [12]. A band corresponding to MLC1 wild-type protein was
detected in the patient, which was about 10% of the protein detected in
the father (Fig. 2D). We expect that the deletion of 54 aa (p.Pro299 .-
Glu353del) will may result in an unstable protein which will be
degraded by the proteasome system. Thus, based on the mRNA and
protein data, we conclude that the patient expresses a small amount of
wild-type MLC1.

Discussion

In this study, we investigated an MLC patient carrying two MLC1
variants, but who showed an improvement in some MRI features, as
typically observed in MLC2B patients [7]. MLC2B patients with the
remitting phenotype show an absence of signal abnormalities of the
internal capsule and cerebellar white matter. In contrast, in this patient,
we observed that he displayed initially signal abnormalities at the pos-
terior limb of the internal capsule and slights alteration in cerebellar
white matter pointing to a classical phenotype. Possibly, the levels of
expressed MLC1 protein may tune the observed radiological phenotype.
We suggest that this patient, together with the other two already
described, may belong to a new classification named MLC1B, in which
patients with MLC1 variants display a remitting phenotype.

What is the molecular basis that explains this reversibility? As
recently discussed, MLC1 [13] protein expression in humans is higher at
one year of age, then it progressively decreases and it is stabilized after 5
years of age. Therefore, we hypothesized that a minimal amount of
MLC1 protein might be enough after 5 years of age, but not at earlier
stages. In a similar manner, in Mic1 KO mice [14], it has been shown that
the re-expression of minimal amounts of MLC1, even in adult animals,
can abolish the vacuolation observed in the KO [15].

Thus, this work also suggests that a therapy aimed to correct RNA
splicing as the use of antisense oligonucleotides or RNA editing could be
beneficial to ameliorate the symptoms observed in patients with MLC
splicing variants [16,17], as previously performed with one variant [9].
Importantly, these results suggest that just a minor correction would be
sufficient to improve the clinical phenotype.
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