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Les variacions en les proteines de membrana poden conduir a conseqiéncies patogenes o no
patdgenes. Es de vital rellevancia estudiar aquelles variacions que poden acabar donant
patogenicitat, per tal de descobrir com identificar correlacions entre mutacions similars i
procedir a la deteccio precog¢ de causes patogeniques o possibles tractaments. En aquest
article s'han utilitzat multiples bases de dades i eines computacionals per estudiar la
patogenicitat de mutacions homologues en proteines de membrana. Els resultats finals han
demostrat la hipotesis inicial on es creia que les proteines de membrana de la regio
transmembrana estan molt conservades, juntament amb la seva patogenicitat.

Addicionalment, en aquest estudi s'han identificat 397 gens dins de la via glutamatergica a
partir d'1.233 codis GO. La investigacio ha estudiat i classificat els gens més patogens
implicats en la sinapsi glutamatérgica. Els descobriments previs relacionats amb el
tractament amb L-serine i la classificacid permet que els pacients amb la via glutamatérgica
afectada podran ser tractats amb aquest farmac i estudiar la seva millora.
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Variations in membrane proteins can lead to pathogenic or non-pathogenic consequences. It
is vitally important to study those variations that may end up conferring pathogenicity, in
order to discover how to identify correlations between similar mutations and to proceed to
the early detection of pathogenic causes or possible treatments. Multiple databases and
computational tools have been used in this paper to study the pathogenicity of homologous
mutations in membrane proteins. The final results have shown the initial hypothesis that
membrane proteins in the transmembrane region were thought to be highly conserved,
along with their pathogenicity.

Additionally, in this study, 397 genes were identified within the glutamatergic pathway from
1,233 GO codes. Research has studied and classified the most pathogenic genes involved in
glutamatergic synapse. Previous findings related to L-serine treatment and classification
allow patients with the affected glutamatergic pathway to be treated with this drug and to
study its improvement.
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1. Introduction

1.1. Technology advances in identifying new sequence variants

Between 1977 and 1978, the bacteriophage ®-X174 was sequenced (1), and from then,
the number of determined sequences has increased exponentially. From the year 2000,
several sequencing projects began to appear in different organisms, including the
sequencing of the human genome. Among others, this data is analysed to identify
genes that codify for proteins, mutations, regulatory sequences, and also allows
comparative genomics between genes and species.

In order to process this amount of information, the most effective and efficient way of
doing it is by using programming and statistics methods. Additionally, the methods of
sequence analysis have not ceased to be optimized, and the number of professionals
specialized in analysis, and the amount of data has not stopped increasing (2). The cost
of genome sequencing has decreased over the last decade, automatizing the processes
of sequence analysis and improving methodologies. These advances done in
sequencing technologies have been a revolution in the research of genetic variation,
and have allowed exploring in a more efficient way the basis of human disorders,
enabling to study huge databases of pathogenic and non-pathogenic variants (3).

One of the most used techniques of sequencing is the Next Generation Sequencing
(NGS). This technique grants the possibility of rapidly increasing the knowledge about
genes and mutations (4). Consequently, rates in diagnosis and in genetic etiology (a
gene abnormality that is inherited from a parent at conception) have improved (5). This
improvement, combined with the sequencing techniques, has permitted the discovery
of recurrent de novo mutations, and the development of new databases which allow
comparing the effects of mutations in “normal genes”, copy number variations,
mosaicism, and many others) (6). With NGS, it is now possible to sequence a huge
quantity of ADN and to perform exome sequencing, that covers between 1 percent and
2 percent of the genome, depending on the species (7). Exome sequencing allows us to
identify variations in the protein-coding region, specifically in the 5’'UTR and in the
3'UTR region. As most of the mutations that cause disease occur in exons, this method
of sequencing is efficient for the identification of possible disease-causing mutations

(8).



Recently, owing to whole-genome and exome sequencing, it has been discovered that
the rare Mendelian diseases caused by missense mutations are more frequent than
expected, affecting millions of patients globally (9). Mendelian diseases happen when
germline mutations (specific mutations in single genes) are inherited. Some examples
of Mendelian diseases are Cystic fibrosis, sickle cell disease and Duchenne muscular
dystrophy (10,11). Nowadays, the identification of mutations leading to human genetic
diseases has increased, and the research is every day more accurate. It is relevant to
study the variations that lead to pathologies and through DNA analysis, it is possible to
determine the mutational spectrum for a specific disease. What is more, international
databases are now available worldwide, which makes it easier to work with more data
at the same time without having to restart something that is already studied
(12). Understanding the relationship between genetic variation and functional
implications in proteins is critical for deciphering genomic data and finding disease-
causing variations. Integrating protein function knowledge with genome annotation
can help understand genetic diversity in complicated biological processes more quickly.
To demonstrate the power of combining protein annotations with genome annotations
for functional interpretation of homologous variants. Data is used to process mapping
UniProtKB human sequences and positional annotations, such as transmembrane
regions, Pfam codes, and other annotations, to the human genome (GRCh38) (13).

It has been demonstrated that de novo mutations are one big cause of genetic
disorders, such as intellectual disability and autism. Neutral mutations may simply
spread as a result of genetic drift, whereas mutations that rely on a phenotype spread
quickly through a population. However, harmful mutations that result in harmful traits
before or during the reproductive phase are subjected to a “purifying selection” and are
prevented from spreading through the population. De novo mutations are genetically
distinct from inherited variants because they are the result of mutagenic processes that
occur between generations. At the population level, loss or acquisition of traits drives
species evolution, whereas at the individual level, loss or acquisition of traits can result
in disease. For these reasons, it is vitally important to identify the mutations de novo, or
not, and its possible pathogenic effects (14).

1.2. Classification of sequence variations

A mutation is any change in the DNA sequence of an organism. A germline mutation is
a type of mutation that occurs in the eggs or sperms. Otherwise, a somatic mutation is
given in any other cell of the body different from germline cells (15). Mutations in the
DNA sequence are a consequence of substitution, insertion, or deletion of base pairs
which are usually harmless. Due to the lethal or disease potential of mutations,



evolution has developed mechanisms to repair them. There are different DNA repairing
mechanisms such as mismatch repair, where the exonuclease corrects when there’s a
single base insertion or deletion, and Nucleotide Excision Repair (NER) which forms a
protein complex where the DNA is damaged in order to repair it. There are also
specialized enzymes which repair the DNA directly and the repairing process which
occurs during the recombination process. As said before, mutations can arise by errors
during the replication process, cellular division, mutagenic agents or even a viral
infection. Normally, changes in the DNA sequences occur due to endogenous (Reactive
oxygen species (ROS) produced from normal metabolic pathways) or exogenous
(exposure to X-rays, radiation, toxins, chemicals, viruses, ...) DNA damage (16, 17).
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Figure 1: Doble-stranded damaged DNA from Davis A, Tinker A v., Friedlander M. “Platinum resistant” ovarian
cancer: what is it, who to treat and how to measure benefit? Gynecol Oncol [Internet]. 2014 [cited 2022 Jun
61;133(3):624-31. Available from: https://pubmed.ncbi.nlm.nih.gov/24607285/

Mutations can be classified into large scale mutations and small scale mutations.

i Large scale mutations (18)
Mutations on large scale implies that the effect is higher, larger genetic
material is affected at once. This, as a consequence, is said that have an
impact on chromosome changes. These can be classified as:

a. Duplications or Amplifications
When a chromosomal segment has been duplicated, so it is repeated.



b. Inversions
When there’'s a change in the DNA direction of a
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c. Deletions
When a chromosomal fragment has been lost (19).
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d. Insertions

A chromosomal change that involves the insertion of one
or more nucleotides into a DNA sequence.
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A chromosome splits and the shattered portions (usually
two) reattach to other different chromosomes.

Simple translocations
One-way transfer.

Reciprocal translocations
Two-way transfer.

Translocation

- 8 - s
. s m =
= - -
RE =8N
o &
e =]
o -
-

Figure 2: Large scale mutations representation
from Peter J. Russell. iGenetics: : a molecular
approach. Pearson Education Inc as BC, editor. 2010.

ii. Small scale mutations (18)
Small scale mutations imply that one or few nucleotides within a gene are affected.
These are the result of base substitution, base addition, base deletion or base insertion.
These can be classified as:

a. Synonymous substitutions
DNA change which does not affect the protein sequence.



1. Silent (20)
The silent mutations are the ones that resultin a codon that codes
for the same or a different amino acid without suffering any
change in the function of the protein. In other words, the amino
acid sequence that is encoded by the gene, in this case, is not
changed, and that is why this type of mutation is called silent
because it is not noticed in the amino acid sequence itself.

AUG GCC TGC AAA CGC TGG
met ala cys lys arg 1trp

v
AUG GCT TGC AAA CGC TGG

met ala cys lys arg trp

normal

silent

Figure 3: Silent mutation representation from Dr. Noel Sturm. DNA Mutation and Repair [Internet]. 2019 [cited
2022 Jun 6]. Available from: http://www2.csudh.edu/nsturm/CHEMXL153/DNAMutationRepair.htm

b. Nonsynonymous substitutions
DNA change does affect the protein sequence.

1. Base Substitutions
Base substitutions, also called point mutations, are a single base
substitution and are the most frequent, the most common.

These can also be classified as the molecular consequence in the
protein:

i. Missense mutations (20, 21)
In this case, the mutation generates a codon that specifies
a different amino acid and leads to another polypeptide
sequence. This type of mutation replaces one nucleotide
of the DNA codon with another nucleotide and resulting
in an amino acid change.

Conservative: in this type of missense mutation, the
resultant amino acid conserves a similar function and
shape to the amino acid that has been replaced.



Non-conservative: in contrast to the conservative
mutations, non-conservative mutations result in a
completely different amino acid. In this type of mutation,
the amino acid is altered in functionality and shape, and
they do not conserve any of the original characteristics

(22).

AUG GCC TGC AAA CGC TGG
normal
met ala cys lys arg trp
-
AUG GCC GGC AAA CGC TGG

missense
met ala arg Ilys arg trp

Figure 4: Missense mutation representation from Dr. Noel Sturm. DNA Mutation and Repair [Internet].

2019 [cited 2022 Jun 6]. Available from:
http://www2.csudh.edu/nsturm/CHEMXL153/DNAMutationRepair.htm

ii. Truncation mutations
When talking about nonsense mutations, we are referring
to a kind of nucleotide point mutation, i.e., a substitution,
which results in a stop codon. A nonsense codon is a
mutation that ends in the truncation of the protein, a non-
functional protein (20, 23).

AUG GCC TGC AAA CGC TGG

normal
met ala cys Ilys arg trp

-
AUG GCC TGA AAA CGC TGG
met ala - s e e

Figure 5: Truncation mutation representation (from Dr. Noel Sturm. DNA Mutation and
Repair [Internet]. 2019 [cited 2022 Jun 6]. Available from:
http://www2.csudh.edu/nsturm/CHEMXL153/DNAMutationRepair.htm)

nonsense

iii. Deletion and Insertions (20)
One or more base pairs (bp) are lost or inserted from the
DNA, possibly leading to frameshifts. The insertion or



deletion changes the sequences and usually ends with a
premature stop codon.

AUG GCC TGC AAA CGC TGG

normal
met ala cys lys arg tp
-

AUG GCCC TGC AAA CGC TGG
frameshift V N\ NN\
(insertion +1) met ala leu ain thr leu

-

AUG GC- TGC AAA CGC TGG
frameshit NN\ N NS
(deletion -1)

met ala glu asn ala

G y %
o AUG GCCC TGC AAA -GC TGG
insertion +1,
releh N KA KA

met ala leu gin thr trp

Figure 6: Insertion/Deletion mutation representation from Dr. Noel Sturm. DNA Mutation and Repair
[Internet]. 2019 [cited 2022 Jun 6]. Available from:
http://www2.csudh.edu/nsturm/CHEMXL153/DNAMutationRepair.htm

1.3. Classification of sequence variants into disease-causing or neutral

This massive amount of data that is generated from genome sequencing produces tons
of newly identified mutations. The stratification of these mutations into disease-
causing, neutral or disease-related is vital for the diagnosis of diseases and in order to
define a strategic therapy (12,24).

A relevant research focus are the variants from a single nucleotide that lead to amino
acid substitutions at the protein level. These mutations, called missense mutations, are
associated with more than half of inherited diseases known up to date. A big amount of
computational methods have been developed to identify those missense mutations
that are potentially pathogenic. Each method has a different approach to studying
missense mutations, although they share methodological approximations. For
example, some important aspects to consider are evolutionary conservation, changes
in physicochemical properties of amino acids, biological function, known disease
association and protein structure (25). Although these predictors are useful and allow
us to distinguish between disease-causing and neutral variants, the prediction power is
still limited, making it difficult to rely totally on the final diagnosis.

Due to the fast-enlarging of new genomic variants identified and the need of
understanding the relationship between the phenotype and the genotype, it is



requested to develop new computational tools to understand these variants and which
of these are responsible for causing a disease between candidate variants. There are
multiple predictors available such as SIFT (26), MutationTaster (27) and Polyphen-2 (28)
based on the evolutive conservation and the impact that is expected on the structure
and function of amino acids from sequence data. To do so, they use parameters based
on evolutionary conservation and physicochemical properties of these amino acids
from the data sequence (29). Apart from those predictors, not long ago, TMSNP the
latest and most advanced prediction method has been released. This is a database and
a predictive tool for the pathogenicity of protein-membrane variants with higher
predictive ability than other mentioned tools. Despite improving the predictive power,
it only works for membrane proteins.

1.4. The human proteome

Proteins are the major key regulators of function in biology, therefore a thorough
understanding of their structure and characteristics is essential for basic and
translational research. Proteins are big biomolecules that are made up of one or more
long chains of amino acids. These, play a variety of roles in organisms, including
catalyzing metabolic events, DNA replication, acting as receptors, giving cells and
organisms structure, and moving materials from one place to another. Proteins differ
primarily in their amino acid sequence, which is governed by their genes' nucleotide
sequence and usually culminates in protein folding into a specific 3D structure that
dictates its activity (30).

Proteins are classified as globular proteins and membrane proteins. One of the most
frequent protein kinds is globular proteins, which are spherical proteins and are
relatively water-soluble (forming colloids in water). Because there are many alternative
architectures that can fold into a roughly spherical shape, there are several-fold classes
of globular proteins. Globular proteins can act as enzymes, messengers, transporters,
regulators, and more (31).

1.5. Membrane proteins

Membrane proteins (MP) are proteins that are found in biomembranes or are able to
interact with them. The interaction between the interior of the cell and its environment
is mediated by these kinds of proteins, which represent 25% of the whole Homo sapiens
proteome. Membrane proteins are classified into different families such as ionic



channels, enzymes, and receptors. All of these families play animportant role in cellular
functions. Integral proteins are a permanent part of membranes that can either
permeate it or connect with one side or the other. The cell membrane is transiently
linked with peripheral membrane proteins. As a result of the large variety of functions
developed by these proteins, when disrupted, they tend to a range of diseases.
Identification of membrane proteins with abnormal properties can lead to the result of
discovering new therapeutic targets, which is something that pharmaceutics can take
advantage of (32). Previous studies have shown that about 50% of membrane proteins
are the pharmacological target of various (33). It is also estimated that 90% of
membrane proteins have mutations that are pathogenic. These mutations can affect
some functions that are necessary to the correct functioning of the proteins, such as
folding or stability (34).The current bioinformatics tools are the key to understanding
the function of the membrane proteins. However, membrane proteins are more related
to disease than globular proteins. In contrast to the globular proteins, fewer available
structures are found in the databases, due to experimental limitations in the process of
X-ray crystallography. For this reason, the current tools are based on the prediction of
globular proteins, meaning that it is necessary to implement tools for the membrane
proteins, so they are studied as well (35).

lo phase lipid  Cholesterol Transmembrane Id phase lipid
» protein

Figure 7: Types of membrane proteins and its schematic representation from Brown DA. Lipid rafts, detergent-
resistant membranes, and raft targeting signals. Physiology (Bethesda) [Internet]. 2006 Dec [cited 2022 Jun
6];21(6):430—9. Available from: https://pubmed.ncbi.nlm.nih.gov/17119156/

One of the main differences between the membrane proteins and the globular proteins
istheir environment, and they also differ in the transmembrane (TM) region. This global
difference is the cause of other dissimilarities, seen in the amino acid sequence,
secondary structure and conformations. This contrasts between both types of proteins,
evidence that the membrane proteins require less sequence identity than the globular
ones to maintain their folding (36,37). By the other side, the sequence in the



transmembrane segments of membrane proteins is more conserved than the globular
domains of membrane proteins or than globular proteins. Although membrane
proteins are more robust to sequence variation, membrane proteins are more
pathogenic than globular proteins due to their essential role in the cell.

Overall, the specific features of membrane proteins: high sequence conservation in the
transmembrane segments, more robust to amino acid change and more structure
conservation, combined with their relation to diseases make them an ideal group of
proteins to test new methodological approximations to discern between neutral and
disease-causing variants.

1.6. Glutamatergic synapse

Glutamate is the most excitatory neurotransmitter in the central nervous system
(CNS). Multiple glutamate transporters, as well as ionotropic and metabotropic
receptors, are involved in central and peripheral glutamate signalling (38-40).

N-acetyl-Asp-Glu Presynaptic neuron
PSMA/ {{ .
Fonin: € Qliariog SNAT1
2 SNAT2
Glutamate 7
; Glut SNAT3 Glia
Glutaminase . SNATS

EAAT  Glutamate o Glutamine
GLAST-1 o .

GLT1,,g’ giee
%

. Glutamine
. synathetase

mw/f ”r*r

Hﬂ mﬁf g gb Y 1 i
NN s

mGlut3
B

_(psces)
GKAP

Presynaptic neuron
Figure 8: Schematic representation of a glutamatergic synapse indicating the main proteins involved and their
functional pathways from Javitt DC. Glutamate as a therapeutic target in psychiatric disorders. Mol Psychiatry
[Internet]. 2004 Nov [cited 2022 Jun 6];9(11):984—97. Available from: https://pubmed.ncbi.nlm.nih.gov/15278097/

10



In the mammalian CNS, glutamate is a key signalling molecule as well as a primary
excitatory neurotransmitter (42). It regulates a wide range of processes through its
receptors, which are found on both neuronal and non-neuronal cells. It is released as a
neurotransmitter into the synaptic cleft and initiates the propagation of action
potentials under normal physiological conditions (43).

Apart from its vital involvement in CNS, glutamate also contributes to autocrine and
paracrine signalling in peripheral tissues such as the bone, pancreas, pineal glands, etc
(44). Glutamate is also crucial in peripherally mediated pain signalling to the central
nervous system (45). Glutamate release, absorption, metabolism, and signalling are all
closely regulated activities, which partially explains glutamate's extensive significance
in essential central and peripheral processes. Aetiologically, disturbances in these
pathways are frequently linked to central disorders (46,47).

Glutamate dysregulation has been well-studied in schizophrenia, fragile X syndrome,
and epilepsy, among other psychiatric, neurodevelopmental, and neurodegenerative
illnesses (48). The growing importance of glutamate signalling in various illnesses,
including depression and anxiety, has prompted new hypotheses about glutamate
dysregulation (49). Psychiatric and neurodegenerative illnesses, on the other hand, are
complicated disease states that are likely the result of several interconnected processes

(50).

Due to advances in sequence technology, exome sequencing is increasing on children
with neurodevelopment disorders, leading to the identification of pathogenic variants
in genes involved in the glutamatergic synapse, which are usually classified as rare
diseases. Unfortunately, scarce treatments are available for these rare diseases. The
recent discovery of L-serine to treat GRIN related disorders (51), a disorder that mainly
results in a hypofunctionality of NMDA (N-methyl-D-aspartate) receptors and a
reduction of glutamatergic synapse, has opened the door to extend L-serine treatment
to other glutamatergic synapse genes related diseases that also result in a decrease of
the glutamatergic synapse (52,53).

11



2. Objectives

1. The high sequence identity in the TM segments of membrane protein,
combined with its robustness to sequence variation and the involvement of
membrane proteins in disease, make them ideal to study and develop new
methods able to classify sequence variants into disease-causing or neutral. The
aim of this study is to inspect if the pathogenicity of sequence variants in the TM
segments of membrane proteins can be extrapolated between homologous
variants.

2. The increasing number of sequence variants involved in genes of the
glutamatergic synapse, that result in neurodevelopmental disorders, urges
finding therapeutic strategies. The aim of this study is to obtain an overall
picture of the pathogenesis of this group of genes and to identify the most
pathogenic genes that result in a decay of the glutamatergic synapse.

12



3. Methods

3.1. Public Biological Databases used

UniProt (Universal Protein Resource) is a free repository whose aim is to provide a
comprehensive, high-quality, and widely accessible database of protein sequence and
functional information to the scientific community. This repository is globally used
because it contains manually reviewed and annotated proteins from different species

(54,55)-

ClinVar is a public database with the particularity that the data collected allows the
interpretation of human (Homo sapiens) variation and observed health status. It
provides open access to data about the relationship between phenotypes and medical
important variants (56).

Pfam is a database of protein families and domains that is often used to examine new
genomes and metagenomes, as well as to guide experimental work on individual
proteins and systems. A representative set of sequences is provided by a seed
alignment for each Pfam family. The HMMER tool automatically creates a profile
hidden Markov model (HMM) from the seed alignment and searches it against the
pfamseq sequence database. The HMM is used to align all regions within a curated
umbral (57).

The Genome Aggregation Database (GnomAD) is a database that was released
relatively early (in 2016), and it is freely available to the rest of biomedical and scientific
community. This database harmonizes and aggregates the data retrieved from exome
and genome large-scale sequencing projects. Despite its new release, GnomAD has
demonstrated that it is an invaluable genetic resource, assisting in the discovery and
interpretation of disease-causing variations as well as possible treatment targets. This
database contains data from 6 global and 8 subcontinental ancestors, giving sample
diversity (58,59).

13



3.2. Data preparation

3.2.1. Sequence annotations of the human proteome

Considering this reliability in the data provided by UniProt, all transmembrane
proteins belonging to Homo sapiens organism were retrieved from this database
with the certainty of having accurate, rich and consistent functional information
of proteins. For each of the 5.202 human transmembrane reviewed proteins or
UniProtKB entries, the core mandatory data has been extracted (amino acidic
sequence, protein names, gene names, Pfam codes and TM ranges) (60).

3.2.2. Database of disease-causing variants

Information from all membrane proteins classified with UniProt into TM
proteins were mined. All disease-causing (or pathogenic and likely pathogenic
variants) related to Mendelian illnesses as described in ClinVar were extracted,
starting with a dataset with 169.998 disease-causing sequence variants. This
database is also based on the fact that the TM segments are highly conserved
and its Pfam alignments are precise as well. This created database also contains
the same molecular consequences as the neutral variants database. Knowing
that, the databases finally ended with 2.991 disease-causing missense variants
in the TM regions of membrane proteins also from Homo sapiens organisms.
Before extracting the final dataset, a previous step was done in which disease-
causing membrane proteins were selected, resulting on 40.111 variants (29).

This data was used to generate a list of pathogenic membrane proteins: those
membrane proteins that present disease-causing variants that are related to
Mendelian inheritance in genetic diseases. Non-pathogenic membrane proteins
are those that do not present any sequence variation that is disease-causing and
thus, sequence variants that affect the function and the folding of the protein
are not disease-causing.

3.2.2. Database of neutral variants

All human neutral mutations containing missense, truncation, splice sites, UTRs
and frameshift molecular consequences were retrieved from GnomAD allowing
the creation of the data set containing 3.767.975 neutral variants. Only those
entries from membrane proteins were kept, with this step the database was
reduced by 70% until 949.840 neutral variants in membrane proteins. In order to
keep only sequence variants in the TM segments, the coordinates of the TM
segments from UniProt were used to filter out the sequence variants that were
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not in the TM segments. This proceeded to a new reduction which was carried
on when an even more restrictive filter was applied, ending with 45.337 neutral
missense variants into TM regions of membrane proteins from Homo sapiens.

There were mutations classified in both neutral and disease-causing databases,
some mutations in the GnomAD server were also identified as pathogenic or
likely pathogenic and other mutations were related to recessive or complex
variants (needing other third-party proteins to become a disease and being
found on a healthy population, as well as the population with diseases). These
variants were not included in the database. Only neutral variants in pathogenic
proteins were kept, as variants in non-pathogenic proteins can affect the
structure and the function of the protein without being associated or related to
any disease.

3.2.4. Use Sequence Alignments to obtain equivalent positions for each
variant

Pfam database was downloaded and only human alignments were kept. The
Pfam alignments were used to identify the position in the Pfam sequence
alignment of each missense sequence variant. The position in the Pfam
sequence alignments allows finding other sequence variants that are located at
the same equivalent position of the Pfam alignment for homologous proteins.

3.2.5. ldentification of homologous variants in the TM segments of
membrane proteins and comparison of its pathogenicity

In order to identify homologous variants, the same initial amino acid, same final
amino acid, same Pfam alignment and same equivalent position were
used. From the list of homologous variants, the pathogenicity of pairs of
homologous variants were compared. The variants that presented a dual
classification as neutral and disease-causing within a protein were filtered out,
as these proteins and genes could be related to recessive inheritance. The
sequence variants from these 24 variants were filtered out.

Finally, all pairs of homologous variants were classified as (I) neutral
homologous variants (Il) disease-causing homologous variants (Ill) neutral and
disease-causing homologous variants.
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3.3 Additional projects

3.3.1 Syngo Genes

A group of 1.233 GO codes from glutamatergic synapse are used to identify the
genes involved in this pathway. The procedure is practically identical to the one
used for the glutamatergic synapse. Databases from both ClinVar and GnomAD
repositories were created to first identify and then quantify the number of
mutations of the glutamatergic synapse pathway.

3.3.2. Genes involved in Glutamatergic synapse

The given genes involved in the glutamatergic synapse were crossed with the
UniProt database and the desired information, such as gene names or UniProt
accession codes, was mined. A database with pathogenic variants from ClinVar
is then created, containing both pathogenic and likely pathogenic genes as well
as their molecular consequences (Missense, Nonsense, Frameshift, and Splice
site). Another database was created with neutral variants from GnomAD. Both
databases were crossed to retrieve an ordered list by pathogenicity. This list was
also crossed with the data from affected patients to prove if this L-Serine
supplement would also be effective in patients with low glutamatergic
synapses.

3.4. Tools

The tools used to develop this project are:

3.4.1. Python

Python is a programming language characterized by its easy comprehension. It
is really useful for the development of any kind of tool. In this project, Python 3
is employed to treat the data and ending to extract the final results, with the
combination of other mentioned tools. Python allows the use of different
libraries, a set of precompiled instructions that can be utilized later in a program
to perform certain well-defined activities. A library may also include literature,
data format, message templates, objects, and variables, among other things
(61,62). These are the most remarkable libraries used in this project:
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- Jupyter notebook is the most recent interactive programming environment
for notebooks, code, and data that is available on the web. Users can create
and arrange workflows in bioinformatics, computational biology, digital
media, and algorithms using its versatile interface. It is an interface, that
allows the execution of code by blocks, a useful solution to find, identify and
solve code issues (63).

- Selenium is an open-source tool which is used for automating tasks in web
browsers or web applications. It allows, among other things, to replicate the
steps a user can perform in a browser. In this project, it is used because
GnomAD server does not allow access via API. Selenium is called to
introduce every gene into the server and download its query (64).

3.4.2. Git Bash

Git Bash is a Windows application that gives Unix-based shell utilities as well as
expertise with Git command line operations. It has been mostly used to perform
verifications of Python code with synthetic and fast commands, but it also has
been useful in some critical steps of the project, such as joining all downloaded
GnomAD files or selecting human alignments from Pfam (65).

It is important to consider that all developed scripts can be run automatically to update
the databases and be up-to-date at any desired moment. Scripts available in the
following link: https://github.com/Igres17/TFG.git
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4. Results and Discussion

4.1. Pathogenesis of homologous variants in membrane proteins

4.1.1. Pathogenesis of membrane proteins

The whole curated Homo sapiens proteome was retrieved from UniProt
(accessed on 01/11/2021). The database of all human proteins consists of 20.386
proteins, belonging to 6.319 Pfam domains (see Table 1). From these proteins,
only membrane proteins were kept, by selecting those proteins that contained
at least one TM segment, resulting in a total of 5.202 human TM proteins and
1.485 Pfam codes.

Membrane proteins were classified as pathogenic or non-pathogenic.
Pathogenic membrane proteins are those that present at least one disease-
causing sequence variant related to a Mendelian genetic disease. By contrast,
non-pathogenic membrane proteins are those where any disease-causing
sequence variants are found. In these proteins, although mutations are able to
affect the protein structure and function, this is not disease-causing. 1051
pathogenic membrane proteins, about the 20%, and 4.151 non-pathogenic
membrane proteins were identified, corresponding to 706 Pfam and 779 Pfam
codes, respectively. This is in contrast with previous studies that predicted that
90% of membrane proteins contained pathogenic variants (34). However, these
1051 pathogenic membrane proteins are the target of 25% of current drugs in
the market (32).

The study is performed on these 1.051 membrane pathogenic proteins, as in this
group of proteins the pathogenicity is related to how an amino acid change is
able to affect the function and the folding of the protein due to changes in their
physicochemical properties. This effect cannot be evaluated in non-pathogenic
membrane proteins, because although protein folding and function may be
affected in a sequence variant, theses are not disease-causing.
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Table 1: Homo sapiens proteins and TM proteins, containing pathogenic or non-pathogenic mutations, and its

Pfam codes

pathogenic mutations

Number of Number of Pfam
proteins codes
Human proteins 20.386 6.319
Human TM proteins 5.202 1.485
Human TM proteins with pathogenic 1.051 706
mutations
Human TM proteins with non- 4.151 779

As it can be observed in the Figure 9, membrane proteins represent

approximately 25% of the human proteome 20% of membrane proteins contain

pathogenic mutations, whereas 80% are classified as non-pathogenic proteins,

with no disease-causing variants (66).
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4.1.2. Sequence variants in the human proteome

All neutral and disease-causing sequence variants were retrieved from GnomAD
and ClinVar respectively (see Table 2). From these, a dataset containing
missense, frameshifts, truncation, splice sites and UTR molecular consequences
was created with a total of 3.937.973 sequence variants. Most of the dataset is
represented by missense and splice sites + UTR mutations. Missense and splice
sites + UTR mutations contain 1.880.489 and 1.820.077 sequence variants,
47,75% and 46,2% respectively. Thus, missense mutations are the most
frequent sequence variants. This is not only for its number superiority, it is also
because it must be considered that the other that has similar number is the total
of two sequence variants, splice site and UTR. Sequence variants from
frameshift and truncation mutations represent between 2 and 3% each of all the
dataset, whereas missense and splice site + UTR sequence variants represent
approximately 50%.

We can separate the previous dataset into disease-causing and neutral (see
Figure 10 and Figure 11). There are some differences between neutral and
disease-causing sequence variants datasets. As seen, the number of sequence
variants in disease-causing between the different types of molecular
consequences (Missense, Frameshift, Truncation, Splice Site + UTR) is similar.
These are about 170.000 sequence variants, being the frameshift mutations the
ones with more sequence variants with 57.049 and the splice sites + UTR the
ones with less. These changes are a little different, and contrasting when
comparing with the neutral sequence variants or with the general dataset. The
neutral sequence variant group, frameshift, and truncation mutations go,
practically, unnoticed. These, containing 49.708 and 89.313 sequence variants,
represent a 1-2% of all neutral variants. Nevertheless, missense mutations and
splice sites + UTRs are the ones with more neutral sequence variants, containing
about two million neutral sequence variants each. That two million variants are
about 50% of neutral sequence variants dataset so, practically, missense and
splice site + UTR molecular consequences, represent the whole dataset.

If the comparatives between both datasets is performed, it can be observed that
there’s a difference of 3.597.977 sequences or what is the same, the disease-
causing group represents a 4,3% of the whole sequence variants whereas the
neutral group represents the other 95,7%. These percentages differ when
analysing the data by molecular consequence individually. In missense and
splice site + UTR mutations, the percentage remains similar to the percentage
of the difference between databases sequences, but in frameshifts and
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truncation, the numbers change. Missense neutral sequences represent a 97,5%

whereas missense disease-causing sequences the rest 2,5%, in splice sites+ UTR
the neutral sequences represent a 98,6% and the disease-causing a 1,4%. On the
other hand, frameshift neutral sequences represent a 46,6% and the disease-
causing a 54,4% and the truncation neutral is a 68,4% whereas the disease-
causing is a 31,6%.

Table 2: Classification of neutral and disease-causing mutations by their molecular consequences and the region
where they are found. A comparison between neutral and pathogenic variants is performed using a percentage

Sequenc
e
variants
in
Membra
ne
Proteins

Sequenc
e
variants
inTM
segment
s

causing

Neutral

(2,5%)

439.819
(96,8%)

(53,4%)

9.264
(45,4%)

Pathogenici | Missens | Frameshi | Truncatio | Splice
ty e ft ns Sites +
UTR
Sequenc Neutral 1.833.47 | 49.708 89.313 [ 1.795.48
e ) (46,6%) | (68,4%) 4
variants (97,5%) (98,7%)
Disease- 47.025 57.049 41.331 24.593

(31,6%)

16.566
(65,3%)

(1,3%)

484.191
(98,8%)

Disease-
causing

14.345
(3,2%)

11.157
(54,6%)

8.804
(34,7%)

5.805
(2,2%)

Neutral 45.337 - - -
(93,8%)
Disease- 2.991 - - -

causing

(6,2%)
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Figure 10: Disease-causing sequence variants representation (ClinVar).
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Figure 11: Neutral sequence variants representation (GnomAD).
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4.1.3. Sequence variants in human membrane proteins

989.951 (out of 3.937.973) correspond to sequence variants in membrane proteins.
Membrane sequences represent, approximately, 25% of all sequence variants found
in Homo sapiens. These results show that the number of sequence variants in MP is
in accordance with the number of membrane proteins and thus, membrane
proteins do not seem more pathogenic than globular proteins.

The number of sequence variants in disease-causing between the different types of
molecular consequences remains similar, but now represents, the MP, a 25% of all
sequence variations (see Table 2). A remarkable change is that missense variants in
MP are now the group with more sequences, 14.345. The neutral sequence variants
remain similar, with a reduction of the number of sequences up to 75% for each
molecular consequence.

These sequence variants were filtered out in order to obtain missense variants
contained in the transmembrane segments. This region is highly conserved in
structure and function (67) and thus presents reliable Pfam sequence alignments.
The total number of sequence variants in the TM segments of membrane proteins
are 48.328 missense variants in the TM segments, which represents 10% of the
missense variants in membrane proteins. The database is not containing frameshift,
truncation, splice sites or UTR variants because our final goal is to compare the
pathogenicity of homologous variants missense mutations in transmembrane
segments resulted in 45.337 neutral and 2.991 pathogenic missense mutations. 24
missense mutations were found in both datasets, as disease-causing and neutral,
corresponding to 533 proteins. These proteins were deleted from the dataset since
they possibly correspond to more complex diseases or recessive genetic diseases.

4.1.4. Pathogenesis of Homologous variants in the TM segments of membrane
proteins

The Pfam sequence alignments allowed to identify a total of 4.726 homologous
variants, corresponding to 5.249 pairs of homologous variants. A pair of variants is
considered homologous if the variants present the same initial and final amino acid
and the same position in the Pfam alignment. As we are using the transmembrane
segments of membrane proteins that are highly conserved, the Pfam alignments
are highly reliable, allowing to find equivalent positions between homologous
proteins (68).
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In order to assess if pathogenicity could be extrapolated between pairs of
homologous variants, the pathogenicity of homologous variants was compared.

282 homologous variants, corresponding to 191 pairs were identified as disease-
causing and 4.434 homologous variants, corresponding to 5.028 pairs were
identified as neutral. There were no pairs of homologous variants with a different
pathogenicity classification. These results indicate that the pathogenicity of
homologous variants can be extrapolated for neutral variants and also for disease-
causing variants in the TM segments of membrane proteins.

Thus, it seems that the high sequence and structure conservation in the TM
segments of membrane proteins also implies conservation in pathogenicity. Thus,
if one amino acid change is able to affect the function and the structure of a protein,
the same amino acid change in the same equivalent position in homologous
proteins, will produce the same effect. These findings allow increasing the dataset
of disease-causing and neutral, as the pathogenesis of homologous variants in the
TM segments of membrane proteins can be predicted with high reliability.

It would be interesting to check if, in addition to variants in equivalent positions, the
pathogenicity of similar homologous variants can also be extrapolated. Similar
homologous variants are those variants in which the final amino acids are not
identical but with similar physicochemical properties (i.e. present a high score in a
scoring matrix).

Also, it would be interesting to test if the pathogenesis of homologous variants can
also be extrapolated beyond the non-TM segments of membrane proteins or for
globular proteins, where sequence and structure is less conserved.
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Table 3: Homologous mutations

Variants Pairs(69)
Neutral Homologous variants 4.434 5.058
Disease-causing homologous variants 282 191
Disease-causing and neutral homologous variants o o

4.2. Mutations in genes involved in the Glutamatergic synapse

From 397 genes that were identified from 1.233 GO codes, sequence variants
were extracted (frameshift, missense, nonsense, splice site...) from ClinVar and
GnomAD to study the most pathogenic genes involved in glutamatergic
synapse pathway. All these genes involved in this synapse, were analyzed and
ordered, from the most pathogenic to the less pathogenic gene. It is known that,
pathogenic variants in this glutamatergic synapse may develop in
neurodevelopmental disorders, usually classified as rare diseases (45).

Table 4 show the first 15 most pathogenic genes found in this pathway. As
previously mentioned, these are classified from most pathogenic to less
pathogenic using ClinVar as the main database to perform the classification.
From this, the most pathogenic gene in the synapse is the DMD which is
involved in muscle dystrophy.

Scarce treatments are available for treating these rare diseases but repentantly,
a treatment with L-serine, a nutraceutical compound, has been discovered to
treat GRIN related disorders. A disorder characterized by NMDA receptor
hypofunction and a reduction in glutamatergic synapses, has paved the way for
L-serine treatment to be extended to other glutamatergic synaptic genes-
related diseases characterized by a reduction in glutamatergic synapses. The
results show the list of genes that present more mutations in the glutamatergic
synapse. This list has now been shared with our clinical collaborators in order to
start a study with patients having disease-causing mutations in glutamatergic
genes in order to activate the glutamatergic synapse with L-serine.
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Table 4: The most 15 pathogenic genes involved in the Glutamatergic synapse.

Muscle
dystrophy

Tuberous
Sclerosis 2
Protein

+++
phosphatase

Dravet
syndrome

Rett syndrome

Endoribonuclea
se helicase

Dravet
syndrome

Extracellular
matrix. Musc.
Dystrophy

+++

Tuberous
Sclerosis 1
Protein

+++
phosphatase

Cadherina,
cancer (gastric,
endometrial,
ovarian)

Syntaxin
Binding Protein
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1 (MUNCa8-1);
NDD

SYNGAP1 107 39 56 24 | 226 | Synaptic Ras
GTPase
Activating
Protein 1, ID,
Epileptic
encephalopath
Yy

Supplementary table 1 shows extended Table 4 with the list of the 15 most pathogenic
genes involved in the glutamatergic synapse. The complete table with all related
information and containing all genes, with each disease, ClinVar variants, GnhomAD
variants and much more is available in the following Git Hub repository:
https://github.com/Igresi7/TFG/tree/main/TFG%20Graphs%20%26%-20Tables

In this supplementary table, the quantity of pathogenic and non-pathogenic variants
available for these gens in ClinVar and GnomAD databases is recovered. The ratio
between pathogenic and non-pathogenic databases has been calculated to compare
their size of the sample in relation to each other. This allows to measure and express
quantities by making them easier to interpret.

Supplementary table 1: List of 15 first most pathogenic genes involved in glutamatergic synapse, the number
of disease-causing variants, the number of neutral variants and the corresponding disease.

Gene(s) Total | Total Totals Ratio Disease(s)/Function
ClinVar | Ghom | ClinVar + P/NP
AD GnomAD
DMD 1.127 | 4.661 5.788 24,2 Muscle dystrophy
TSC2 682 4.451 5.133 15,3 Tuberous Sclerosis 2
Protein

PTEN 630 456 1.086 138,2 +++ phosphatase
SCN1A 587 1.798 2.385 32,6 Dravet syndrome
MECP2 507 673 1.180 75,3 Rett syndrome
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DICER2 478 2.056 2.534 23,2 Endoribonuclease
helicase
LOC102724058]| 434 o 434 Dravet syndrome
SCNa1A
LAMA2 420 4.932 5.352 8,5 Extracellular matrix.
Musc. Dystrophy
SCN2A 361 15 376 2.406,7 +++
TSCa 356 1.397 1.753 25,5 Tuberous Sclerosis 1
Protein
CDKLs 341 889 1.230 38,4 +++ phosphatase
CDHa 258 1.321 1.579 19,5 Cadherin 1, cancer
(gastric, endometrial,
ovarian)
CACNA1A 253 3.358 3.611 7,5
STXBPa1 240 924 1.164 26,0 Syntaxin Binding
Protein 1 (MUNCa8-1);
NDD
SYNGAP1 226 1.355 1.581 16,7 Synaptic Ras GTPase
Activating Protein 1,
ID, Epileptic

encephalopathy
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5. Conclusions

Results support the initial hypothesis that because membrane proteinsinthe TM region
are highly conserved, the pathogenicity between homologous variants (i.e. the same
amino acid change in the same equivalent position is an homologous protein) is also
conserved. When two similar proteins are homologous and one pathogenic mutation
affects one of those two proteins, it can be extrapolated that the same mutation will be
pathogenic in an equivalent position of a homologous protein. Additionally, we have
found that only 20% of membrane proteins present disease-causing variants, in
contrast with previous studies, although they represent 75% of drug targets.

The use of homologous variants to predict the pathogenesis of a sequence variant can
help in prediction when the variant does have any information regarding pathogenesis.

It would be interesting to study if, in addition to equivalent mutations, the pathogenesis
of similar homologous variants can also be extrapolated. Also to study to which degree
the pathogenesis of homologous variants can also be extrapolated in the non-TM
segments of membrane proteins or in globular proteins.

Since the use of L-serine as a therapy for GRIN-related illnesses was found, able to
increase glutamatergic synapse, it is hypothesized that the treatment could be
extended to other glutamatergic synaptic genes-related diseases with a reduction in
glutamatergic synapses. We have identified the genes involved in this synapse through
GO codes and identified the list of the most pathogenic genes in glutamatergic synapse
in order study if L-serine treatment can be extrapolated to these diseases caused by
genes involved in the glutamatergic synapse.
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