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Abstract

Spontaneous missense mutations, whereby a single nucleotide results in amino acid
substitution, affect the normal functioning of the eukaryotic translation elongation factor
eEF1A2. These mutations have varying disease severity causing neurodevelopmental
disorders in children, including autism, intellectual disability, and epilepsy. Mutations D252H
and E122K, located in binding hotspots of eEF1A2, have differing eEF1A2 expression levels
across different tissues in mouse models. This thesis aims to compare the effect of D252H
and E122K mutations on eEF1A2 protein stability and how differences in disease severity and
tissue-specific expression arise by investigating eEF1A2 expression and changes in the
interactome resulting from mutations. Molecular biology techniques, such as western
blotting, conducted on mouse tissue and mutant transfected HEK293T cells were conducted
to determine the expression levels of D252H.eEF1A2 and E122K.eEF1A2 mutants compared
to wildtype. Moreover, co-immunoprecipitation and mass spectrometry was conducted to
identify and compare the molecular binding partners of eEF1A2 mutants and revealed that
proteins involved in translation were downregulated in D252H and E122K eEF1A2 mutants.
Mass spectrometry was also performed in mouse brain tissue to conduct a differential
expression analysis of the brain proteome, which found translation and ribosomal proteins’

expression was significantly affected in E122K mutants.

In conclusion, D252H and E122K mutations result in differing expression patterns of eEF1A2
across mouse tissues and an altered eEF1A2 interactome. The E122K.eEF1A2 mouse brain
proteomic analysis suggested reduced translation efficiency is one of the major biological
processes affected. Therefore, mutations could be targeted by identifying and grouping

altered proteins to their common functions and molecular pathways.



Lay summary

A protein called eEF1A2 is an essential molecule that functions in protein production and is
needed for survival. Mutations in eEF1A2 cause disorders in children, such as autism, epilepsy,
and intellectual disability. The children affected show varying degrees of disease severity, and
it is currently unknown why this happens. This research project aims to identify how the
mutations, known as E122K and D252H, affect eEF1A2 function. Molecular biology
experiments were conducted and found different levels of mutant eEF1A2 abundance across
different mouse tissues, such as the brain and heart. This indicated that there may be a
specific interaction between the different mutations and tissue environment. As a result,
more experiments were performed in a human cell model to look at all the interactions
between mutant eEF1A2 and other proteins found in the cell’s environment. The results
found altered interactions between mutant eEF1A2, and other proteins involved in protein
production, suggesting that mutations affect eEF1A2’s interactions with its environment.
Another experiment identified which proteins in the mutant E122K mouse brain showed
significant differences in protein abundance. Several proteins involved in protein production
had reduced abundance, whereas other structural proteins showed increased abundance. By
grouping affected proteins with similar functions, research may be able to better target and

treat the most affected proteins caused by mutations.



aa-tRNA
AMP
AP-MS
ANOVA
ASD
cMV
CNS
dH20
DMSO
DNA
DTT
EDTA
EEF1A2
eEF1A2
Eefla2
EEF1A1
eEF1A1
eEF1A
FCS
GDP
GEF

GO

List of abbreviations

Amino acetylated transfer ribonucleic acid
Ampicilllin

Affinity Purified Mass Spectrometry

Analysis of variance

Autism spectrum disorder

Cytomegalovirus promoter

Central nervous system

Distilled water

Dimethyl sulfoxide

Deoxyribonucleic acid

Dithiothreitol

Ethylenediaminetetraacetic acid

Eukaryotic elongation factor 1A2 (human gene)
Eukaryotic elongation factor 1A2 (protein)
Eukaryotic elongation factor 1A2 (mouse gene)
Eukaryotic elongation factor 1A1 (human gene)
Eukaryotic elongation factor 1A1 (protein)
Eukaryotic elongation factor 1A (protein)

Fetal calf serum

Guanine diphosphate

Guanosine exchange factor

Gene Ontology



GTP
HEK293T
kDa

KO
LC-MS/MS
mRNA
mTOR
PNC
PTM
qPCR
Q-Q
RIPA
RNA
RT

SDS
TBS
TBS-T
TEMED
TPS
Tris
ValRS
Wst

WT

Guanine triphosphate

Human embryonic kidney 293 cells with large-T antigen
Kilodalton

Knockdown

Liquid chromatography tandem mass spectrometry
Messenger ribonucleic acid

Mammalian target of rapamycin
Perinucleolar compartment
Post-translation modification
Quantitative polymerase chain reaction
Quantile-Quantile
Radioimmunoprecipitation assay buffer
Ribonucleic acid

Room temperature

Sodium dodecyl sulfate

Tris buffered saline

Tris buffered saline plus TWEEN 20
Tetramethylethylenediamine

Total protein stain
Tris(hydroxymethyl)aminomethane
Valyl-tRNA synthetase

Wasted

Wild-type



Chapter 1: Introduction

1.1 The role of eEF1A in translation

Eukaryotic elongation factor 1A (eEF1A) functions in the delivery of amino acetylated tRNAs
(aa-tRNAs) to the A-site of the 80S ribosome during the elongation phase and has two
independently encoded isoforms, eEF1A1 and eEF1A2, that are 92% identical (Soares et al.,
2009). The delivery of acetylated tRNAs is a GTP dependent process, whereby eEF1A is initially
bound to GDP and then exchanged to GTP when bound to the guanosine exchange factor
(GEF) eEF1B complex, forming a ternary complex. Both eEF1A isoforms have different binding
affinities for GDP and GTP, with eEF1A2 exhibiting a higher affinity for GDP whereas eEF1A1
has a higher affinity for GTP (Kahns et al., 1998). The eEF1B complex consists of the subunits
eEF1B, eEF1D, and eEF1G, also known as eEF1Ba, eEF1B[3, and eEF1By, respectively. The
subunits assemble into a complex by eEF1G binding to eEF1D, which forms a stable
homotrimer, and both eEF1D and eEF1B have GEF activity (Bondarchuk et al., 2022). The
eEF1B and aa-tRNA binding sites overlap and compete for eEF1A binding, but the function of
the eEF1D homotrimer is unknown (Andersen et al., 2001). It's been suggested that these
two subunits have GEF activity because they might have differing functions when the enzyme
valyl-tRNA synthetase (ValRS) is bound to the eEF1B complex, as ValRS has been found to
interact with eEF1D (Bec et al., 1994). The eEF1B-ValRS complex catalyzes the amino acylation
of tRNAs, and the ValRS enzymatic activity is only activated when eEF1A is bound to GTP.
Once eEF1A-GTP bound to aa-tRNA reaches the A-site of the 80S ribosome, a codon-
anticodon match elongates the polypeptide chain and releases the deacetylated tRNA. The

eEF1A-GTP is recycled back to eEF1A-GDP via hydrolysis and exits the ribosome (Figure 1).
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Figure 1: Overview of eEF1A’s role in protein translation. eEF1A has two isoforms, eEF1A1
and eEF1A2, which deliver aminoacyl tRNAs to the A site of the ribosome. The eEF1B complex
consists of subunits eEF1G, eEF1B, and eEF1D, and functions as a GEF for the GTP-dependent
delivery of aminoacyl tRNAs. Diagram: Author’s own.

1.2 The non-canonical functions of eEF1A isoforms

Despite the high degree of similarity in eEF1A isoforms, they have distinct tissue-specific and
development-specific expression patterns. eEF1A1 is expressed ubiquitously, whereas
eEF1A2 is only expressed in skeletal muscle, heart, brain, and spinal cord. eEF1A1 and eEF1A2
expression is mutually exclusive, and a switch occurs during development in which eEF1A1
expression is replaced by eEF1A2 in neurons and muscle (Knudsen et al., 1993). It is unknown
what causes the switch from eEF1A1 to eEF1A2 expression and why there is tissue-specific

expression, but one hypothesis is eEF1A1 and eEF1A2 have different non-canonical functions,



such as modifying the cytoskeleton, apoptosis, and different post-translational modifications
(PTMs) have been identified (Soares et al., 2009; Soares and Abbott, 2013). Mutagenesis
experiments in yeast also mapped protein turnover and nuclear transport to eEF1A structure
in Saccharomyces cerevisiae. The mutations E286K and E291K were located on the aa-tRNA-
binding domain of eEF1A and showed an accumulation of tRNAs in the nucleus indicating
defects in nuclear export of aa-tRNA. Protein turnover was another potential noncanonical
function of eEF1A as eEF1A interacts with 26S proteosome and the D156N mutation, located
on the GTP binding site of eEF1A, was resistant to canavanine, which induces protein
misfolding and degradation. No altered translation was observed in D156N.eEF1A mutants,
but an altered rate of ubiquitin-dependent degradation of misfolded proteins, further
suggested a noncanonical role of eEF1A in protein turnover (Figure 2)(Chuang et al., 2005;

Sasikumar et al., 2012).

In vitro experiments revealed that eEF1A can bundle and bind to actin if aminoacyl tRNAs
aren’t present, and genetic screening in yeast revealed mutations N305S and N329S disrupt
actin dynamics but do not alter the rates of translation, suggesting translation and actin
cytoskeleton dynamics are independent eEF1A functions. However, the mutations F308L, and
S405P in yeast eEF1A altered the actin cytoskeleton and reduced translation rates. One
potential reason for reduced translation in these mutants could be due to the mutation sites
overlapping the aa-tRNA binding site on eEF1A (Gross and Kinzy, 2007). The structure of
eEF1A in yeast has three binding site domains; the actin binding site is suggested to be in
domains Il and Il of eEF1A, and domain Il is also the binding site of tRNAs and eEF1B (Gross
and Kinzy, 2005; Soares et al., 2009)(Figure 2).

Mammalian eEF1A isoforms have been suggested to induce actin bundling by dimerization.
The actin formed by both eEF1A isoforms exhibited a different morphology; eEF1A2 formed
bundles that were thicker, shorter, and appeared denser than eEF1A1l actin bundles
(Novosylna et al., 2017). A study found that phosphorylation of eEF1A2 regulates its ability to
dimerize and is linked to actin dynamics in dendritic spines. Four conserved phosphorylation
serine residues were identified in domain Ill of eEF1A2 but were not presentin eEF1A1. These
conserved residues were replaced to create phospho-null and phosphomimetic mutants and

an interactome analysis revealed that significant enrichment of proteins involved in the actin



cytoskeleton were present in phosphomimetic mutants, whereas translation-associated
proteins were enriched in phospho-null mutants. Moreover, eEF1A2 phosphorylation
regulated translation by the eEF1A interaction with the GEF eEF1B (Mendoza et al., 2021).
These findings suggest that regulation of the actin cytoskeleton is a non-canonical function in
eEF1A that is linked to translation and regulated by phosphorylation. Furthermore,
differences were found in the regulation of the actin cytoskeleton between eEF1A isoforms

could highlight their functional differences.

Apoptosis was also linked to both eEF1A isoforms in a study on myotube cell differentiation
in rodent myoblast cell lines that express endogenous eEF1A2. The eEF1A2 isoform was
upregulated during differentiation, whereas eEF1A1 was downregulated. Following serum
deprivation to induce apoptosis, eEF1A2 myotube cells survived longer than eEF1Al-
transfected myotubes, suggesting eEF1A2 is anti-apoptotic in comparison to eEF1A1 (Ruest
et al.,, 2002). Another difference found in eEF1A isoforms is that eEF1A2 is a putative
oncogene overexpressed in breast cancer tumours whilst eEF1A1l expression remains
unchanged (Tomlinson et al., 2005). The same expression pattern of eEF1A isoforms in
ovarian tumours was observed, with eEF1A2 significantly overexpressed in tumours.
However, eEF1A1 was found upregulated in colorectal cancer (CRC) patients, and higher
eEF1A1 expression in affected CRC tissues correlated with poorer prognosis (Fan et al., 2022).
Therefore, the exact mechanisms of how eEF1A isoforms display oncogenic properties are
unknown, but it could be linked to apoptosis. The eEF1A isoforms share several noncanonical

functions but have underlying functional differences.



Figure 2: Domains identified in the structure of eEF1A in Saccharomyces cerevisiae yeast and
mutations that alter its noncanonical functions. Domain | (blue) is where GTP binding occurs,
and aa-tRNAs bind in domain Il (red). Domains Il and Il have been identified as the sites of
actin binding and bundling. The spheres represent mutations that affect eEF1A noncanonical
functions. In domain |, the mutation Asp156Asn (purple) altered protein turnover. In domain
I, Glu286Lys and Glu291Lys (cyan) mutations affect nuclear transport. The mutations
Asn305Ser, Asn329Ser, Phe308Lys, and Ser405Pro (yellow) are shown in domains Il and Il and
affected actin dynamics. Phosphorylation of Glu298 in yeast (orange) revealed
downregulation of translation. Image taken from Sasikumar et al. (2009).



1.3 Missense mutations in eEF1A2

The EEF1A2 gene encodes for a neuromuscular specific translation elongation factor, eEF1A2,
and over 50 de novo heterozygous missense mutations were identified by whole exome
sequencing as disease-causing in patients with neurological issues, such as epilepsy, autism,
and intellectual disability, and in some cases cardiomyopathy and/or facial dysmorphia. These
mutations also result in a broad range in disease severity and symptoms observed in patients,
though severity frequently correlates with the precise mutation. The eEF1A2 missense
mutations occur in highly conserved amino acid regions, therefore, the functional
consequences of these mutations are severe (Inui et al., 2016; Lam et al., 2016). No EEF1A1
mutant variants have been reported to cause similar neurodevelopmental disorders in
humans as it is presumed that any deleterious mutations would be embryonic lethal due to
the ubiquitous expression of EEF1Al. To determine the effect of missense mutations on
eEF1A2 function, missense mutations expressed in plasmids were transformed in the MC214
yeast strain, a double knockout of the eEF1A-expressing orthologous genes TEF1 and TEF2.
Mutant yeast showed impaired growth, except for the P333L mutant, suggesting protein
synthesis was impaired in mutants with growth defects. The P333L mutant was considered
an outlier as heterozygotes are unaffected but homozygotes are lethal, causing
cardiomyopathy (Cao et al.,, 2017). The mapping of the missense mutations on eEF1A2
structure showed several mutations cluster in adjacent or inside eEF1A2 binding domains,
suggesting mutants may disrupt EEF1 complex formation, dimerization, and/or GTP/GDP
recycling (Carvill et al., 2020). Interestingly, molecular modelling of the P333L mutation
wasn’t mapped on any eEF1A2 binding site but was located on the back side of eEF1A2 on the
loop linking domains Il and 1l (Cao et al., 2017). The P333L mutant is predicted to induce a
conformational change that may affect functional binding in domains Il and Ill. This project
will focus on mutations E122K and D252H located in eEF1A2 binding domains | and I,
respectively (Figure 2). Therefore, studies have found eEF1A2 missense mutations affect

protein synthesis and are predicted to alter eEF1A2 binding by computational modelling.
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Figure 2: The location of missense mutations on the eEF1A2’s molecular structure. The
molecular structure of eEF1A2 in yeast shows where some identified missense mutations are
predicted to be located on eEF1A2. This project is focusing on the mutations D252H and E122K
(highlighted in red), which are located on the eEF1B and GTP binding site, respectively. Image
was created on PyMol software and taken from: Cathy Abbott (Principal Investigator at the
University of Edinburgh).

1.4 Disease progression

As mentioned above, patients with missense mutations in eEF1A2 have a broad disease
severity with some patients exhibiting both neurological, behavioural and/or morphological
features, such as autism and facial dysmorphic features. For example, the severity of epilepsy
ranges from mild to severe whereby mild cases can be controlled by antiepileptic drugs (Table
1). Clinical reports and whole exome sequencing of affected patients, reported that parents
were healthy and unaffected, indicating missense mutations are de novo autosomal
dominant. (Carvill et al., 2020; De Rinaldis et al., 2020; Inui et al., 2016; Lam et al., 2016;
Nakajima et al., 2015). However, the P333L missense mutation was an exception and was first
identified in siblings suffering from cardiomyopathy in addition to other common symptoms
in eEF1A2, including epilepsy and motor defects. Whole exome sequencing revealed that the
siblings’ parents were heterozygotes and, therefore, P333L was a recessive familial mutation.
As mentioned above, P333L is homozygous lethal, and the affected siblings’ condition
progressively deteriorated, leading to an early death (Cao et al., 2017). A more recent study
reported the first case of the P16L mutation, which is dominantly inherited. The patient

exhibited a broad phenotype spectrum, such as epilepsy, severe intellectual disability, and
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cardiomyopathy, as well as other symptoms not apparent in neurodevelopmental disorders,
including diabetes insipidus. Interestingly, in comparison to P333L mutants, heart function
improved with age in the P16L mutant (Kaneko et al., 2021). Therefore, the exact mechanism
of how eEF1A2 missense mutations are inherited is unknown, but recessively inherited
eEF1A2 missense mutations may be more detrimental than autosomal dominant mutations.
A study by Long et al. (2020) revealed the most damaging mutations, predicted by a series of
algorithms from the databases VarCards, ReVe, Grantham, and SNAP2, were located in the
functional binding domains of eEF1A2, suggesting the location of mutation correlates with
disease severity (De Rinaldis et al., 2020; Long et al., 2020). However, this observation could

just be a correlation, and no molecular mechanism has been proposed.

It is largely unknown how these destabilizing mutations affect different tissues and whether
the affected interactome and proteome have a significant role in determining disease
severity. Therefore, an understanding of the molecular mechanisms in which missense

mutations affect eEF1A2 function is crucial.
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Summary of reported patient symptoms and predicted mutant pathogenicity in multiple

Table 1

eEF1A2 mutations

Mutation No. of Inheritance Epilepsy Developmental ID Facial ASD DCM Predicted Reference
cases (type and delay Dysmorphism pathogenicity
reported onset) scores (Long
et al., 2020)
E122K 5 Dominant de 4m Motor delay + + + NR 25 Nakajima et
novo Infantile al. 2015 (1)
spasms
Dominant de 2m Non-verbal, gross + + _ NR Lam et al.
novo Controlled motor delay 2016 (5)
infantile
spasms
Dominant de 8m Non-verbal, + + _ NR Inui et al.
novo Myaclonic developmental 2016 (2)
seizures, delay
Myoclonic-
atonic
Dominant de 10m Non-verbal, + + _ NR Inui et al.
novo Myoclonic developmental 2016 (1)
seizures, delay
atypical
absences
Dominant de ayr Global + + + NR De Rinaldis
novo Myoclonic developmental etal.
absences delay
D252H 2 Dominant de 8yr Developmental + + + NR 35 Nakajima et
novo Generalised delay al. 2015 (1)
tonic seizure
Dominant de NR Global NR + + NR DDD
novo developmental
delay

Table 2 shows a summary of multiple missense mutations to show the heterogeneity of eEF1A2 missense mutations. ID = Intellectual disability,
ASD = Autism Spectrum Disorder, DCM = Dilated Cardiomyopathy. Key: (+) reported (-) absent NR = Not Reported. The parenthesis under
“References” notes the patient or case number reported in the study. Note: there may be a higher number of cases that haven’t yet been
described in studies.

13



Mutation No. of Inheritance Epilepsy Developmental ID Facial ASD DCM Predicted Reference
cases (type and delay Dysmorphism pathogenicity
reported onset) scores (Long
et al., 2020)
G70s 5 Dominant de 2m Global + + NR NR 36 Lam et al.
novo Myoclonic; developmental 2016 (1)
tonic-clonic; delay, non-verbal
absence
seizures
Dominant de 4m Global Severe _ + NR de Ligt et al.
novo Myoclonic developmental + 2012
seizures, grand delay
mal insults,
absences
Dominant de Infant Non-verbal + NR NR NR Veeramah
novo etal. 2013
Dominant de Early infantile NR NR NR NR NR de Kovel et
novo Epileptic al. 2016
encephalopathy
Dominant de Childhood NR + + NR NR Helbig et al.
novo Epileptic (34)
encephalopathy
P333L 2 Familial 7m Global + + NR + 20 Caoetal,
recessive Absences; developmental Progressive 2017 (1.1)
tonic-clonic; delay
febrile
Familial 12m Global + + NR + Caoetal,
recessive Febrile, tonic- developmental Progressive 2017 (11.2)
clonic delay
P16L 1 Dominant 5 days, Severe; non- + + NR + NR Kaneko et
de novo Infantile ambulatory; non- Mild al., 2021
spasms, verbal
intractable
epilepsy
E124K 1 Dominantde | 3m, Controlled Delays in _ + _ NR 17 Lam et al.
novo myoclonic language but 2016 (6)
seizures, verbal
absences

Table 2 shows a summary of multiple missense mutations to show the heterogeneity of eEF1A2 missense mutations. ID = Intellectual disability,
ASD = Autism Spectrum Disorder, DCM = Dilated Cardiomyopathy. Key: (+) reported (-) absent NR = Not Reported. The parenthesis under
“References” notes the patient or case number reported in the study. Note: there may be a higher number of cases that haven’t yet been
described in studies.

14



1.5 The different characteristics of eEF1A2 missense mutations E122K and D252H

Two of the identified de novo missense mutations, E122K and D252H, may have different
tissue-specific expression levels in the mouse brain and muscle. In the D252H mutant mouse
brain, a gradual decrease in eEF1A2 expression was observed relative to WT, with
heterozygotes showing ~20% decrease and homozygote expression levels that were ~40%
lower than WT. In comparison, eEF1A2 expression levels in muscle were not changed in
heterozygotes but were 1.6 times higher in D252H homozygotes mice relative to WT. The
changes in expression were averaged across male and female mutant mice as no statistically
significant differences were observed across sex (Davies et al., 2020). In contrast, male E122K
mutant mice displayed larger differences in eEF1A2 expression compared to female E122K
mutant mice. In the mouse brain, no significant changes in eEF1A2 expression were observed
across heterozygote and homozygote female mice relative to WT. In contrast, male E122K
homozygotes showed a 42% decrease in eEF1A2 expression relative to the WT brain. In the
muscle, no significant changes in eEF1A2 expression were observed in female mouse
heterozygotes, but males exhibited a 46% decrease compared to WT. In comparison to the
increased eEF1A2 expression observed in muscle D252H homozygotes, E122K homozygotes
showed an 83% and 49% decrease in expression relative to WT in males and females,
respectively (Table 2)(Marshall, 2022). The changes in eEF1A2 expression across D252H and
E122K mutants occur at the protein level as gPCR experiments revealed that RNA transcript
levels were stable and not significantly altered in D252H mutants and were only increased in
E122K homozygotes, suggesting mutations D252H and E122K mostly likely induce decreased
eEF1A2 stability (Davies et al., 2020; Marshall, 2022).These mutations are located at eEF1A2
sites of dimerization and/or binding sites to other molecules. The D252H mutation is located
in domain Il of eEF1A2, the binding site of aa-tRNAs and the eEF1B complex (Carriles et al.,
2021; Lam et al., 2016). A paper by Davies et al. (2020) reported a 500-fold decrease in the
binding of eEF1B complex subunits eEF1D, eEF1G, eEF1B2, and VARS in a label-free mass
spectrometry quantification of the altered interactome in D252H.eEF1A2-transfected SH-
SY5Y cells. Furthermore, validation by co-immunoprecipitation found D252H missense
mutation abolishes all binding of eEF1A2 to the eEF1B complex (Davies et al., 2020). The
E122K mutation is located in domain I, the GDP/GTP binding site of eEF1A2, and, therefore,

likely affects the GTP-dependent delivery of aminoacyl tRNAs to the ribosome (Nakajima et
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al., 2015). A study predicted that the mutations E122K and D252H are more pathogenic, with
Polyphen-2 prediction scores of 1.000/0.999 and 0.962/0.980, respectively, than other
mutations, including E124K, which has a much lower pathogenicity score of 0.101/0.072 (Lam
et al., 2016). Interestingly, the E124K mutation is much milder than D252H or E122K and its
location doesn’t overlap any eEF1A2 binding sites (Table 1). Therefore, mutations D252H and
E122K are similarly pathogenic but have different properties and are located in different

regions of eEF1A2, which may be linked to the mutations’ effects on eEF1A2 function.

Table 2: Comparing eEF1A2 expression in D252H and E122K mutant mouse tissue

Genotype Change in eEF1A2 expression
(relative to WT = 1)
Brain Muscle
E122K/+ NS (M + F) 0.54 (M)
NS (F)
E122K/E122K 0.58 (M) 0.17 (M)
NS (F) 0.51 (F)
D252H/+ 0.80 (M +F) NS (M + F)
D252H/D252H 0.60 (M +F) 1.6 (M+F)

All mouse tissue samples had the C57BL/6JCrl genetic background. Changes in eEF1A2 expression were
considered significant if p<0.05. NS = No significant change relative to wildtype eEF1A2 expression. (M)
represents the eEF1A2 change in expression in male mouse mutants and (F) in female mouse mutants. Note:
results not labelled (M + F) are averaged across both sexes and no statistically significant difference across sex
was found. These results were reported by (Davies et al., 2020) and (Marshall, 2022).
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1.6 Modelling eEF1A2-mutant epileptic encephalopathies in mice

In comparison to species lower than vertebrates, mammals, such as rodents, express both
eEF1A1 and eEF1A2 isoforms. Mouse eEF1A2 is encoded by Eefla2 and only differs from
human eEF1A2 by one amino acid (Mills and Gago, 2021). Rodents have the same
developmental switch as humans that results in tissue-specific expression of eEF1A1 and
eEF1A2, which is only expressed in neurons, cardiac and skeletal muscle. The developmental
switch is complete after 21 days in humans, and wst/wst mice only start to show a
neurodegenerative phenotype after 21 days that progresses for approximately one week until
they die (Khalyfa et al., 2001). Therefore, mice exhibit a high degree of homology that make

them appropriate models for studies on eEF1A2 function.

Mouse modelling of the D252H missense mutation were created using CRISPR/Cas9
technology. Initially, heterozygotes showed a similar growth trend to WT mice until postnatal
day 21. The phenotype observed in D252H heterozygotes had significantly impaired motor
function, with worse neuroscores, reduced grip strength, and rotarod performance relative
to WT mice. However, no behavioural abnormalities were detected in heterozygotes, which
were observed in affected children with the D252H.eEF1A2 mutation. In comparison,
homozygotes resembled the wst/wst phenotype, exhibiting abnormal pathology in spinal
cords. Neither heterozygote nor homozygote D252H mice exhibited spontaneous seizures
throughout their one-year lifespan (Davies et al., 2020). However, this might not be a lack of
face validity as only one patient with the D252H mutation developed epilepsy with a late age
of onset at 8 years (Nakajima et al., 2015). Another potential reason that D252H mutant mice

didn’t develop spontaneous seizures could be due to their much shorter lifespan.

In E122K missense mutant mouse models also created using CRISPR/Cas9, heterozygotes
lived into adult life with motor delays but no significant impairments in behavioural
phenotype. Homozygous E122K mice displayed a more severe motor defects than
heterozygotes but didn’t display spinal cord degeneration and outlived null mice by about a
week, indicating that E122K.eEF1A2 was not sufficient to keep the mice alive. In addition,

homozygotes displayed a more severe neurological phenotype than null mice, suggestive of
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a toxic gain-of-function and/or dominant negative effect. Similar to D252H mouse models, no
spontaneous seizures were observed in heterozygote or homozygote mice. However, in this
case, every E122K affected patient developed epilepsy, with the age of onset was ranging
from 10 weeks to 4 years. Based on these findings, it is suggested that E122K mouse models

lack face validity in the modelling of epilepsy (De Rinaldis et al., 2020; Marshall, 2022).

Overall, modelling eEF1A2 missense mutations in mice has provided insight into the motor
deficits, which are also observed in patients. These genetic models of single missense
mutations are relatively easy to create using CRISPR/Cas9 technology. However, eEF1A2
missense mutations resulting in complex epileptic encephalopathies are difficult to model in
mice as it was revealed that neither D252H and E122K mouse models exhibited spontaneous

seizures (Marshall, 2022; Marshall et al., 2021).

1.7 Are missense mutations loss- or gain-of-function?

Missense mutations in eEF1A2 are predicted to be damaging since it’s evolutionarily
conserved in distant species, with yeast orthologues bearing 80% similarity to human eEF1A2,
and under high selective constraint (Samocha et al., 2014). One of the first instances of the
damaging effects of eEF1A2 mutations was found in wasted syndrome (wst), a
neurodegenerative disease arising spontaneously in homozygous mice and caused by a 15.8
kb deletion in Eefla2 stopping transcription and resulting in no eEF1A2 production and motor
neuron degeneration. Ultimately, complete loss of eEF1A2 in homozygous wst/wst mice
resulted in death after approximately 4 weeks (Chambers et al., 1998). However, eEF1A2
mutant heterozygous (wst/+) mice survived until 21 months with no significant motor defects
or spinal cord pathology compared to WT mice, suggesting loss-of-function may be present
in humans with an unaffected phenotype and, therefore, eEF1A2 missense mutations may
cause a gain of function or dominant negative effect (Griffiths et al., 2012). Another study by
Cao et al. (2017) induced a morpholino eEF1A2 knockdown in zebrafish and found that P333L
EEFIA2 mRNA cannot rescue the mutant phenotype, suggesting loss-of-function. As
described above, humans heterozygous for P333L show no apparent clinical phenotype,
suggesting haploinsufficiency in humans is not lethal (MclLachlan et al., 2019). However, a

study on the D252H mutation by Davies et al. (2020) compared the neurodegenerative
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phenotype in D252H/D252H and null mice and found neurological function in homozygous
missense mice was more severely affected. Therefore, the D252H mutation could be a gain-
of-function that induces eEF1A2 toxicity (Davies et al., 2020). These findings suggest eEF1A2
mutations have unusual distinct properties and a wide allelic heterogeneity. Therefore, an
understanding of the properties of these mutations is important for determining their effect
on eEF1A2 function. This project will be investigating protein stability and eEF1A2 binding to

give insight into the effects of different mutations on eEF1A2 function.

1.8 Aims

This project conducted a series of molecular biology experiments, such as western blotting,
to assess the impact of missense mutations on eEF1A2 expression. High-throughput
proteomics experiments by AP-MS were also performed to identify changes in the
E122K.eEF1A2 interactome that could further elucidate how missense mutations alter
eEF1A2 function. A comparative analysis of the E122K and previously reported D252H altered
eEF1A2 interactomes was then conducted to identify differences that may be specific to the
mutation, as eEF1A2 missense mutations have differing functional properties. A differential
expression analysis in the mouse brain proteome was then performed by comparing E122K
homozygotes to WT to identify altered proteins that could give insight into potential
biomarkers for targeting eEF1A2-related neurodevelopmental disorders. To summarize, the

aims discussed in the next section, are to:

e Compare eEF1A2 expression across mutations, E122K and D252H, to determine how
different mutations affect eEF1A2 stability in different tissues/cell types.

e Analyze and compare the mutant eEF1A2 interactome in E122K mutant transfected
HEK293T cells to identify significantly altered proteins.

e Conduct a differential expression analysis to identify proteins altered in the mouse

brain proteome of E122K homozygous mice compared to WT littermates.
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Chapter 2: Materials & Methods

2.1 Materials

2.1.1 Mouse tissue

Brain and heart tissue from the mouse strain C57BL/6JCrl was used in this project. Mouse

lines were bred by Grant Marshall (postdoctoral researcher). The mouse brain samples used

for mass spectrometry and western blotting validation of the differential expression analysis

are detailed in Table 3. Wildtype mouse muscle was used as a negative control for eEF1A1

expression and wasted mouse brain (wst/wst) was the negative control for eEF1A2 expression

(Chambers et al., 1998).

Table 3: Description of mouse samples used for mass spectrometry and western blot

validation of mass spectrometry

Sex Genotype Age
M +/+ P28
M +/+ P29
M +/+ P30
F +/+ P28
F +/+ P30
M E122K/E122K P28
M E122K/E122K P28
M E122K/E122K P29
F E122K/E122K P28
F E122K/E122K P29

Each sample is one half of a mouse brain hemisphere to reduce heterogeneity across samples

and prevent heterogeneity that might be caused by removal/inclusion of specific parts of the

brain.
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2.1.2 Cell culture

HEK293T cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented

with 10% (v/v) fetal calf serum (FCS) and 5% penicillin streptomycin (P/S), whereas SH-SY5Y

cells were cultured in DMEM supplemented with 15% FCS and 1% P/S. Both cell lines were

incubated at 37 °C with 5 % CO,. HEK293T and SH-SY5Y cells were passaged by adding TrypLE

to cells and incubating for 1-2 minutes. To stop the TrypLE reaction, DMEM was added with

twice the volume of TrypLE previously added. The cell suspension was then spun in a

centrifuge at 1200 rpm for 3 mins to cause pellet formation. HEK293T and SH-SY5Y cells were

seeded at the appropriate density in DMEM (supplemented with 10% FCS and 5% P/S or 15%

FCS and 1% P/S). Cells were maintained below passage (P)18.

Table 4: Cell lines used in this project.

Cell line Species Cell type eEF1A isoform
expression

HEK293T Human Embryonic kidney eEF1A1

SH-SY5Y Human Neuroblastoma eEF1A1 + eEF1A2

Table 5: List of reagents made for sample preparation and western blotting

10% separating gel

13.4 ml dH;0, 1.5M Tris pH 8.8, 10.4 ml 30%
Acrylamide, 160 pl 20% SDS, 20 pl TEMED, 80

ul 25% AMPS.

4.3% stacking gel

11.9 ml dH20, 5ml 0.5 M Tris-HCl pH 6.8, 2.9
ml 30% Acrylamide, 100 ul 20% SDS, 10 ul
TEMED, 100 pl 25% AMPS

Invitrogen transfer buffer

750 ml dH»0, 50 ml 20x NuPAGE Transfer
Buffer, 200 ml Methanol

RIPA buffer

50 mM Tris pH 7.5, 150 mM NacCl, 0.5% (w/v)
Sodium Deoxycholate, 1% (v/v) NP-40, 0.1%
(v/v) SDS
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Laemmli loading buffer (2x)

0.95 g 60mM Tris-HCI pH 6.8, 0.1 g 0.1 %
Bromophenol blue, 10 ml 10% Glycerol, 2 %
SDS, 100 ml dH20

TBS-T

10x TBS with 0.1% Tween20. Diluted in

distilled water to 1x.

Wash solution

6.7 % (v/v) Glacial Acetic Acid and 30% (v/v)

Methanol. Diluted in distilled water.

Reversal solution

0.1% (w/v) Sodium Hydroxide, 30% (v/v)

Methanol. Diluted in distilled water.

2.1.3 Antibodies

Table 6: List of primary antibodies.

Antibody Host Dilution kDa Primary/Secondary Company
species antibody
eEF1A1 Sheep 1:1000 ~52 Primary Abbott Lab
Homemade
(Newberry et
al., 2007)
eEF1A2 Rabbit 1:5000 52 Primary ProteinTech
custom
anti- Mouse 1:2000 28 Primary Abcam
mCherry
anti- Goat 1:2000 29 Primary OriGene
mCherry
ZPR1 Rabbit 1:1000 ~51 Primary Sigma Aldrich
FKBP3 Rabbit 1:1000 25-30 Primary ProteinTech
EEF2 Rabbit 1:1000 95 Primary ProteinTech
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Shootin 1 Rabbit 1:1000 60-75 Primary ProteinTech
Phospho- Rabbit 1:1000 95 Primary ProteinTech
EEF2
KIF5A Rabbit 1:1000 118-120 Primary ProteinTech
EEF1D Rabbit 1:1000 ~32 Primary GeneTex
EEF1B2 Rabbit 1:1000 34 Primary ProteinTech
V5 Rabbit 1:5000 ~95 Primary Genetex
Table 7: List of Secondary antibodies.
Name Target Species Dilution Conjugate Company
species raised
IR Dye Rabbit Goat 1: 20000 Fluorescent LICOR
680RD
Anti-
rabbit
RDye Rabbit Donkey 1:15000 Fluorescent LICOR
800CW
Anti-
rabbit
RDye Mouse Donkey 1: 15000 Fluorescent LICOR
800CW
Anti-
mouse
RDye Goat Donkey 1:15000 Fluorescent LICOR
800CW
Anti-goat
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2.1.4 Co-immunoprecipitation (co-IP) and mass spectrometry solutions and buffers

2x Laemmli

Chemicals

Amount (volume/grams)

120 mM tris-HCI
20% glycerol
4% SDS
0.04% bromophenol blue

12 ml of 1 M tris (pH 6.8)
20 ml
20ml of 20% SDS
0.04g

Note: Adjust to pH 6.8.

co-IP lysis buffer (pH 7.5)

Final concentration of solution

Volume required

10 mM tris-HCL
150 mM NacCl
0.5 mM EDTA
0.5% IGEPAL

1 mlof 1M tris

15 ml of 1 M NacCl
0.1 ml of 0.5 M EDTA
0.5ml

Note: Adjust pH to 7.5.

co-IP wash buffer

Final concentration of solution

Volume required

10 mM tris-HCL
150 mM NacCl
0.5 mM EDTA

Iml of 1 M tris
15 ml of 1 M NacCl
0.1 ml of 0.5 M EDTA

Note: Adjust pH to 7.5.

Mass spectrometry sample preparation lysis buffer

Chemicals Amount (volume/grams)
6 M guanidinium hydrochloride (GuHCI) 1ml
Chloroacetamide (CAA) 1mg
Tris(2-carboxyethyl)phosphine (TCEP) 1.5mg
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2.2 Methods

2.2.1 Transformation of DH5a Escherichia coli (E.Coli)

Transformation E122K.eEF1A2 mCherry constructs into DH5a E.Coli was achieved by heat
shock at 42°C and then incubated for one hour at 37°C (200 rpm) in super optimal broth with
catabolite repression (SOC) medium before plating the plasmid-E.Coli mixture onto ampicillin
(AMP) agar plates. The plates were incubated overnight at 37 °C to allow the formation of
transformed E.Coli colonies. For the transformation of E122K.eEF1A2-V5 tagged constructs,

the same protocol was followed but zeocin agar plates were used instead of AMP.

Mini-Prep

Plasmids were isolated from DH5a E.Coli. Bacterial culture was prepared overnight by picking
a single transformed colony into 5 mL of L-broth containing 100 ug/ mL AMP or 100 mg/ml of
zeocin. The next day, the same protocol described in the Monarch® Plasmid Miniprep Kit was

followed.

Midi-Prep

Bacterial culture was prepared by inserting a small amount of desired plasmid into 5 ml of L-
Broth and 10 ul of AMP followed by an incubation period of 6 hours. After incubation, the
broth mixture was added to 50 ml of L-Broth and 100 pl of AMP and left in the incubator
overnight. The following day, the plasmid isolation steps followed were those described in

the ZymoPURE Express Plasmid Midiprep Kit.
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2.2.2 Transfections in HEK293T and SH-SY5Y cells

Transfections in HEK293T cells

At 24-48 hours prior to transfection, HEK-293T cells with a final concentration of 0.075 x 10°
cells/ml were seeded in a 12-well plate overnight. The following day, cells were treated with
1 ug of either wildtype, empty vector, or mutant plasmid DNA. The protocol described in
Invitrogen Lipofectamine® 3000 Kit was followed; then, cells were incubated for 48 hours at
37°C. After 48 hrs, cells were treated with 1ul of 10,000um stock for every ml of proteasome
inhibitor MG132 or DMSO for a final concentration of 10 uM and incubated at 37°C for 4-6
hours. 0.5ml TryplE was added to each well and incubated for 2-3 minutes. Then, 1ml of
DMEM/media was added to each well and centrifuged at 22°C 1200 rpm for 3 mins. Protein
lysates were prepared in 70 ul of ice-cold lysis buffer (RIPA buffer with cOmplete™ Mini
protease inhibitors added). Cells were vortexed and leave on ice for 30 minutes followed by

centrifugation at 4°C, max speed for 10 minutes.

Transfections in SH-SY5Y cells

At 48 hours prior to transfection, SH-SY5Y cells were seeded into 6-well plates with a final
concentration of 5 x 10° cells/ml overnight. The following day, cells were treated with 1 ug of
either wildtype, empty vector, or mutant plasmid DNA. The protocol described in the
Invitrogen Lipofectamine® 3000 Kit was followed, and then cells were incubated for 48 hours
at 37°C. After 6 hours, the media was changed for fresh, prewarmed DMEM (supplemented
with 15% FCS and 1% P/S). Following 48 hours after plasmid transfection, cells were lysed in
co-IP lysis buffer (see Materials section) containing protease (cOmplete™ Mini, Roche) and
phosphatase inhibitors (Thermo Scientific™ A32957). The protein collected was then used for

co-immunoprecipitation (see Co-immunoprecipitation (co-IP)).
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2.2.3 Western blotting

Protein lysates from cell transfections were prepared in radioimmunoprecipitation assay
buffer (RIPA buffer) with protease inhibitor (cOmplete™ Mini, Roche) whereas protein lysates
from mouse tissue were prepared in 0.32 M sucrose with protease inhibitor. A bicinchoninic
acid (BCA) assay was then conducted to calculate protein concentration (Pierce BCA Protein
Assay Kit). Then, 5 ul of reference ladder (New England Biolabs Color Prestained Protein
Standard) and 10 ug of protein was separated on 4-12 % bis-tris gels at 100-150 V and
transferred to polyvinylidene (PDVF) membrane. Immediately after transfer, PDVF
membranes were incubated in Revert Total Protein Stain (TPS) (Li-Cor) for 5 min at room
temperature (RT) and washed in reversal solution. The membranes were left to dry overnight
at RT. The next day, the membranes were blocked in PBS blocking buffer (Li-Cor) for 1-2 hours
at room temperature After blocking, the membranes were incubated in the appropriate
antibodies for 1 hour, and then washed 4 x 5 minutes with TBS-Tween at RT. The appropriate
secondary antibodies were then added and incubated for 1 hour at RT. Membranes were
washed 4 x 5 mins in TBS-Tween and air-dried. Images were acquired on an Odyssey CLX laser-

based scanning system (Li-Cor).

Image Studio Lite

Western blot images were imported into Image Studio Lite for western blot quantification.
The brightness and contrast of the images were adjusted to enhance the visibility of the blots
and reference ladder for correct identification of the desired protein bands. Under the
“Analysis” section, the “add rectangle” was selected to draw a rectangle surrounding a single
protein band. The same rectangle size was used across the desired protein bands, ensuring
that the rectangles were not overlapping each other or multiple protein bands. Each rectangle
guantified a fluorescent signal, and a “user defined” background was selected to prevent
guantifying overlapping bands and remove outlier pixel intensities in the background
surrounding the rectangles. Spots representing overexposed signal were excluded to prevent
inaccurate quantification. TPS was used to normalize each protein band. TPS stains all the
proteins in the sample and provides a visual image after the transfer of proteins. For the TPS

blots, “add rectangle” was selected to create a large rectangle placed along the same area
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and approximate position of each column. Each rectangle was the same size and non-
overlapping across each TPS blot. A signal ratio was used as a measure of normalized protein
expression, which was calculated by dividing the protein signal by the total signal value of the
desired TPS blot. Western blots probed for mCherry in addition to eEF1A2 were also
normalized to mCherry protein signal following TPS normalization by dividing the calculated
signal ratio by the quantified mCherry protein signal. Normalizing samples to mCherry
controlled for changes in transfection efficiency. In co-IP validation western blots, (Figures 24
and 25) samples were normalized to eEF1A2-V5 instead of TPS total signal to also normalize
for changes in transfection efficiency and eEF1A2-V5 protein stability, which was expected to
be lower in E122K.eEF1A2-V5 samples. A statistical comparison to the average wildtype signal
ratio was performed to determine statistically significant differences in protein expression
and account for small sample sizes where normal distribution cannot be assumed (section:

Statistical Tests).

Protein signal
TPS total signal

Signal ratio =

2.2.4 Co-Immunoprecipitation (co-IP)

Samples of eEF1A28122K/E122K transfected HEK293 cells were seeded onto 6-well plates,
transfected, and protein collected (see “Transfections in HEK293T cells”). Each treatment (i.e.,
WT, EV, and mutant) had three replicates. The samples were prepared for the robot co-IP by
extracting the protein by lysis, and then eluting the samples with the help of Roopesh
Krisnankutty (postdoctoral researcher) for the robot co-IP and mass spectrometry

guantification.

Co-immunoprecipitation experiments for the validation of the interactome analysis were
performed with the help of Grant Marshall (postdoctoral researcher). Cells were seeded onto
6-well plates and transfected by following the Invitrogen Lipofectamine® 3000 protocol.
Wildtype and mutant constructs were transfected in triplicates, and the empty vector

constructs were transfected in two replicates. At 48 hours after transfection, cells were lysed
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in co-IP lysis buffer containing protease (cOmplete™ Mini, Roche) and phosphatase inhibitors
(Thermo Scientific™ A32957) for 30 minutes. Then, the cell mixture was centrifuged at 17,000
x g for 10 minutes to collect the supernatant. The supernatants were diluted in dilution buffer
to make 500ul of lysate. Magnetic beads (ProteinTech ChromoTek V5-Trap™ Magnetic
Agarose) were equilibrated in co-IP washing buffer and added to the lysate to incubate for 1
hour at 4 °C. Input, elute, and wash fractions were made and prepared for western blotting

by adding 2x Laemmli buffer, 10% (v/v) DTT, and boiled for 5 minutes at 95 °C.

2.2.5 Affinity-purified mass spectrometry (AP-MS)

Mass spectrometry is a highly sensitive and high-throughput technique used for the
identification and quantification of proteins in complex mixtures, such as tissue and cells.
Affinity-purified mass spectrometry (AP-MS) was used to identify significantly altered eEF1A2
binding proteins in the mutant E122K.eEF1A2 interactome. In AP-MS, samples undergo co-
immunoprecipitation prior to quantification by mass spectrometry. Prior to AP-MS, HEK293T
cells were transfected with eEF1A2-V5 constructs to express the bait protein for co-IP (see
Transfections in HEK293T cells). Cells were then lysed with RIPA buffer containing protease
inhibitor (cOmplete™ Mini, Roche) to extract proteins from the cell lysate. The bait (target
protein) was eEF1A2, which was immobilized by V5-tagged magnetic agarose beads
(ProteinTech ChromoTek V5-Trap™ Magnetic Agarose), and captures eEF1A2 molecular
binding proteins (Dunham et al., 2012). Proteins were then purified and digested by the
protease trypsin, which cleaved the proteins into peptides (Gingras et al., 2007). The peptides
were then separated by liquid chromatography and identified by mass spectrometry
(Dunham et al.,, 2012). The raw data was analysed of the software pipeline Fragpipe for
normalisation and interpretation of the MS data (Figure 4). Roopesh Krishnankutty
(postdoctoral researcher) conducted the co-immunoprecipitation in a robot co-IP followed by

mass spectrometry.

29



a o C d e
(QO oo/ Jill it
O - > — A ' — R — B Bait
lo 7 Y Protein X
7« m/z Protein Y

b w | Bait J B Contaminants
Prey , -

Prey P: ‘ -

Contaminants

Nature Reviews | Molecular Cell Biology

Figure 4: An overview of Affinity Purified Mass Spectrometry (AP-MS). (a) Proteins were
purified from the transfected HEK293T cell lysate. (b) The purified proteins included consisted
of the bait (eEF1A2-V5), protein binding partners (prey), and contaminants. (c) The addition
of trypsin lysed the proteins into peptides. (d) Analysis of the peptides by mass spectrometry
separated ionized peptides by their mass to charge (m/z) ratio for peptide identification. (e)
Statistical analysis using software, such as Fragpipe, of the MS data generated list of identified
binding proteins, the bait, and contaminants. Further statistical analysis was conducted on
Rstudio to identify only the statistically significant proteins with altered binding. Image taken
from: Gingras et al. (2007).

2.2.6 Liquid Chromatography Mass Spectrometry (LC-MS/MS) with label-free quantification

Mouse brain homozygous eEF1A2E122K/E122K and WT samples were analysed by applying
bottom-up proteomics, in which proteins are digested into peptides that are then separated
by liquid chromatography, ionized, and analysed by tandem mass spectrometry (MS/MS)
(Figure 4) (Zhu et al., 2010).

Mouse brain tissue samples were prepared for the mass spectrometer by homogenizing the
tissue in  RIPA buffer, containing protease and phosphatase inhibitors, in a
Precellys® homogenizer. The tissue was then centrifuged at 4°C, 16000 x g for 15 minutes.
Then, tissue samples were diluted 1 in 10, and a BCA assay was performed to calculate the
protein concentration needed for the mass spectrometer. Samples were washed in ice-cold
acetone to precipitate the proteins, then suspended in lysis buffer (see “Lysis buffer for mass

spectrometry”) at 95 celsius for 5 mins. Proteins were then denatured in urea and alkylated
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using TCEP followed by addition of IAA. Proteins also underwent double digestion by the
addition of Lys-C protease and trypsin, resulting in peptides. The peptides were acidified in
100% trifluoroacetic acid (TFA) and then eluted with 50% acetonitrile (ACN) before placing in
the LC-MS/MS. Samples were prepared with the help of Grant Marshall and Roopesh

Krishnankutty (postdoctoral researchers).

Liquid chromatography then separated peptides by differences in the size, adsorption, and
partitioning, and ionized peptides to analyse changes in ion intensity and peak heights. Mass
spectrometry analysed differences in the mass to charge ratio (m/z) of ionized peptides for
peptide identification. A reference database linked identified peptides to their corresponding
proteins. ldentified proteins were then quantified by comparing peak heights and spectral
counting (Zhu et al., 2017). Following peptide identification, proteins were mapped based on
peptides, and the raw data was processed and normalized in the proteomics pipeline DIA/NN

for further statistical and bioinformatics analyses.
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Figure 5: An overview of label-free quantification mass spectrometry (LC-MS/MS). Different

samples undergo digestion separately. Then, proteins were separated by liquid
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chromatography, and mass spectrometry analyses the mass to charge ratios (m/z) of ionized
peptides. Proteins were quantified by a comparison of peak intensity and spectral count. This
technique was applied for differential expression analysis of the eEF1A2E122K/E122K moyse brain
proteome. Image taken from: (Zhu et al., 2010).

2.2.7 Proteomics pipelines

For the interactome analysis in HEK293 cells, the AP-MS raw data was run on Fragpipe with
integrated software, such as Philosopher, for the post-processing of results. The Uniprot
human proteome was uploaded as a reference for peptide identification and quantification
of MS/MS data. Fragpipe is open access and can be downloaded for free at

https://fragpipe.nesvilab.org/.

For the differential expression analysis on mouse tissue, the software pipeline DIA/NN
performed normalization, protein quantification, and PTM identification. The mouse
proteome downloaded from Uniprot was uploaded as a reference for peptide identification
(Wang et al., 2021). Roopesh Krishnankutty (postdoctoral researcher) ran the PTM analysis
on DIA/NN. Identified PTMs were assigned an identifier from the UNIMOD database, which is

free and accessible at: https://www.ebi.ac.uk/ols/ontologies/unimod. DIA/NN is free and

accessible to download at https://github.com/vdemichev/DiaNN/releases/tag/1.8.1.

2.2.8 Bioinformatics analyses

The Gene Ontology (GO) analysis was performed on R studio using packages biomaRt and
enrichplot to analyse and visualize enriched biological pathways using the biomaRt database.
The STRING analysis was conducted by selecting the statistically significant genes for analysis
against a reference gene list, which consisted of all the proteins detected by mass

spectrometry. STRING is free and accessible at: string-db.org/.

2.2.9 Statistical tests

All statistics and bioinformatics analyses were performed in R studio using packages tidyverse,

plotly, htmlwidgets, clusterProfiler, limma, rstatix, ggpubr, biomaRt, ggrepel, enrichplot, and
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DOSE. A Wilcoxon-Rank sum test was conducted to compare the medians of non-parametric
data, with the null hypothesis stating both datasets have equal medians. A Kruskal Wallis test
was another non-parametric test performed to test whether there was a statistically
significant difference between the medians of three or more independent treatment groups.
Welch'’s one-way ANOVA was used to compare the medians of heteroscedastic data, whereas
a one-way ANOVA compared the means of homoscedastic data with a normal distribution.
The Games-Howell post-hoc test was conducted on heteroscedastic data with a normal
distribution. The Games-Howell test calculates confidence intervals for the differences
between group means and whether the differences are statistically significant. For the
analysis of mass spectrometry data, a 2-sample t-test was performed to calculate the mean
differences in expression between mutant and WT for each protein. A p-value of >0.05 was

considered statistically significant.

Chapter 3: Results

3.1 Mutations D252H and E122K have different eEF1A2 tissue-specific expression levels in
mouse tissue

One of the aims of this project is to investigate how different mutations affect eEF1A2
expression levels in different tissues, following in from results in the lab that suggested that
E122K and D252H had different effects on protein levels in different tissues. First, eEF1A2
expression in mouse heart tissue was compared in D252H and E122K mutants to WT. No
P333L mutant mouse tissue was available for western blotting, which is one of the reasons
for conducting transfections in HEK293T cells (Figures 6-9). Heart and brain tissue were
chosen to be analysed on western blotting because eEF1A2 is only expressed postnatally in
heart tissue, whereas brain tissue expresses both eEF1A1 and eEF1A2. Therefore, comparing
eEF1A2 expression in both tissues could highlight tissue-specific differences suggestive of an
interaction between the mutant and tissue. The results show increased eEF1A2 expression in
homozygous D252H mutants compared to WT mouse heart tissue, and a trend suggests a
slight increase in eEF1A1 expression, but no statistical significance was found (Figures 6 and

9). Initial western blots comparing E122K.eEF1A2 expression in heterozygous mouse heart
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tissue showed no significant difference in expression relative to wildtype (Figure 7). However,
eEF1A2 expression was significantly decreased in E122K homozygote mouse heart tissue
highlighting the different eEF1A2 expression patterns in E122K and D252H mutant heart
tissue (Figure 8; Table 8). Moreover, eEF1A1 expression was not significantly altered across
both mutants, suggesting that differences in expression patterns are specific to eEF1A2, and
the mutations, D252H and E122K, do not compromise the developmental switch from eEF1A
to tissue-specific expression of eEF1A1 and eEF1A2. Previous results found E122K.eEF1A2
expression relative to WT is lower in the brain and skeletal muscle (Table 2), whereas
D252H.eEF1A2 expression was lower in the brain and higher in muscle, suggesting protein
stability is not solely attributed to a specific mutation. Similarly, this project found mouse
heart tissue displayed decreased E122K.eEF1A2 expression in mouse homozygotes and
increased D252H.eEF1A2 expression like in the mutant mouse skeletal muscle, indicating
mutant eEF1A2 may display a tissue-specific interaction. As mentioned above, Marshall et al.
(2022) found sex-specific differences in eEF1A2 expression across E122K mutants; however,
this thesis reports no statistically significant sex-specific differences in E122K.eEF1A2

expression across mutants, which could be partly due to low sample sizes (Table 8).
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Figure 6: eEF1A2 expression in mouse D252H mutant heart tissue. (a) Quantification of
eEF1A2 was normalised to total protein stain. (b) Quantified eEF1A2 expression was not
significantly different across D252H mutants compared to wildtype (Kruskal-Wallis: chi-
squared = 11, df = 11, p-value = 0.4433). Wildtype muscle was used as a positive control, and
the negative control is wasted mouse brain. Sample size (n): 12 (4 per genotype). Statistical
significance: ns = non-significant, * p < 0.05. Samples were from P22 mice.
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Figure 7: eEF1A2 expression in E122K mutant heterozygote mouse heart tissue. (a)
Quantification of eEF1A2 was normalised to total protein stain. (b) E122K heterozygotes did
not show a statistically significant difference in eEF1A2 expression compared to wildtypes
(Wilcoxon rank-sum test: W = 6, p-value = 0.7). Wasted mouse brain was used as the negative
control (-ve). Sample size (n): 7. Statistical significance: ns = non-significant, *p < 0.05. Samples

are from P30 mice.
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Figure 8: eEF1A2 expression in E122K heterozygote and homozygote mutant mouse heart
tissue. eEF1A2 (shown in red) and eEF1A1 (shown in green) expression in male (a) and female
(b) mice was quantified and normalized to TPS. (c) No significant differences in eEF1A1
expression were found across E122K mutants (Kruskal-Wallis: chi-squared = 2.33, df = 2, p-
value = 0.31). (d) eEF1A2 expression was significantly lower in homozygotes compared to
wildtype mice (Kruskal-Wallis: chi-squared = 7.68, df = 2, p-value = 0.02). Wasted mouse brain
was used as the negative control (-ve) for eEF1A2, whereas wildtype muscle was a positive
control for (+ve) eEF1A1 expression. Sample size (n): 3 per genotype in each sex (total: 18).
Statistical significance: ns = non-significant, *p < 0.05, ** p < 0.01. Samples are from P24 mice.
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Figure 9: Probing for eEF1A1 and eEF1A2 expression in D252H mutant mouse heart tissue.
(a) eEF1A1 and eEF1A2 expression was analysed on western blotting to observe any
differences in expression in eEF1A2 mutant heart tissue compared to wildtype. Quantification
of eEF1A1 and eEF1A2 was normalised to total protein stain. (b) eEF1A1 expression did not
show a statistically significant difference across genotypes (Kruskal-Wallis: chi-squared = 11,
df = 11, p-value = 0.44). (c) Increased eEF1A2 expression was found in D252H/D252H relative
to wildtype (Wilcoxon rank-sum test: W = 16, p-value = 0.03) and D252H/+ relative to
D252H/D252H (Wilcoxon rank-sum test: W = 0, p-value = 0.03). Wildtype muscle was a
negative control for eEF1A1 expression and wasted mouse brain was the negative control for
eEF1A2 expression. Sample size (n): 12 per boxplot (4 per genotype). Statistical significance:
ns = non-significant, * p < 0.05. Samples are from P22 mice.
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Table 8: A comparison of eEF1A2 expression patterns affected by the mutations D252H and

E122K
Genotype Change in eEF1A2 expression
(relative to WT = 1)
Brain Muscle Heart Muscle
E122K/+ NS (M + F) 0.54 (M) NS (M+F)
NS (F)
E122K/E122K 0.58 (M) 0.17 (M) 0.57 (M+F)
NS (F) 0.51 (F)
D252H/+ 0.80 NS NS (M+F)
D252H/D252H 0.60 1.6 1.27 (M+F)

This table is a modified version of table 1 that includes a summary of the results found in Figures 6-9. The
opposing eEF1A2 expression patterns in mutant mouse tissue might suggest an interaction between the mutant
eEF1A2 and tissue environment. This project didn’t find any significant sex-specific differences in eEF1A2 mutant
expression in the mouse heart. NS = Not significant. (M) = male, (F) = female.

3.2 Comparing eEF1A2 expression and stability across mutant eEF1A2 transfected
HEK293T cells

In this section, the results of transfections in HEK293T cells and MG132 treatment will be
discussed. Previous studies found that mRNA transcripts and RNA levels were stable in
E122K.eEF1A2 and D252H.eEF1A2 mutant mouse brain, respectively, compared to WT mice
(Davies et al., 2020; Marshall 2022). Therefore, it’s likely that missense mutations cause
unstable eEF1A2. The aim of the transfections was to compare eEF1A2 expression in E122K,
D252H, and P333L mutants to WT, whereas the aim of treating cells with MG132 proteasome
inhibitor was to determine if missense mutations result in reduced eEF1A2 stability by
comparing eEF1A2 expression to WT across mutants. MG132 inhibits ubiquitin-proteasome
degradation of abnormal cytosolic proteins, such as eEF1A2, by interfering with the transition
state analogue and affecting protease activity (Figure 10)(Kjaer et al., 2001; Lee and Goldberg,
1998). A study revealed that MG132 treatment stabilized the expression of homozygous
mutant TRAPPC6A protein, attributed to a neurodevelopmental syndrome, by transfecting
HEK293T cells with the mutant protein. Moreover, another study investigated global protein
stability by treating HEK293T cells with MG132 (Mohamoud et al., 2018; Yen et al., 2008).

Therefore, it was reasoned that MG132 could potentially have a similar effect on eEF1A2
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mutants. Both experiments studying eEF1A2 expression across mutant transfected cells and
the effects of MG132 on eEF1A2 protein stability were conducted at the same time to

maximize time efficiency.

Ubiquitin conjugation Proteolysis
@ Ubiquitin Ubiquitin @
CareD @ g —ua
» e
E1, E2, E3 26S proteasome il
Protein Protein Peptides

19S complex 20S proteasome 19S complex

Figure 10: An overview of ubiquitin-proteasome mediated degradation. In mammals,
proteins are tagged for degradation by ubiquitin conjugation, an ATP-dependent reaction
catalysed by the enzymes ubiquitin-activating enzyme (E1), ubiquitin carrier protein (E2) and
ubiquitin—protein ligase (E3). Then, a series of proteolytic reactions in the 26S proteasome,
composed of the 19S complexes and 20S proteasome, cleaves the proteins into peptides.
MG132 inhibits the 26S proteasome by the formation of a transition state analogue. Image
adapted from: Lee and Goldberg (1998).
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3.2.1 eEF1A2 expression is lower in E122K, D252H, and P333L mutants relative to WT

Following the findings of different eEF1A2 expression patterns in D252H and E122K mutated
eEF1A2, transfections were conducted on HEK293T cells with expression vectors containing
E122K, D252H, and P333L mutant full-length eEF1A2. The HEK293T cell line was chosen
because of its easy maintenance in the laboratory, high transfection efficiencies in
comparison to other cell lines, and do not express endogenous eEF1A2 that could confound
results studying the effects of the synthetic eEF1A2 variant (Thomas and Smart, 2005). The
synthetic eEF1A2 variant was expressed in HEK293T cells under the cytomegalovirus (CMV)
promoter, which hijacks the HEK293T cell’'s protein synthesis machinery to force the
translation of the synthetic eEF1A2 variant in cells. T2A, derived from the Thoseaasigna virus,
forms part of a class of self-cleaving 2A peptides that enable the simultaneous expression of
multiple genes in mammalian cell lines and was used in this project to express mCherry and
eEF1A2 (Figure 11)(Kim et al., 2011). During translation in transfected HEK293T cells, mCherry
and eEF1A2 are in the same transcript but are cleaved due to the self-cleaving peptide T2A
producing separate proteins that appear as separate bands in western blotting. The
fluorescent protein mCherry was used across all transfections as its immunofluorescence can
assess the transfection efficiency in cells. Experimental controls included wildtype muscle as
a positive control of eEF1A2, wasted brain as a negative control of eEF1A2 to ensure eEF1A2
antibody specificity; and empty vectors to ensure eEF1A2 expression was the result of

transfection with plasmids containing eEF1A2 mutant DNA (i.e., a negative control).
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Figure 11: Map of the E122K.eEF1A2 mCherry construct. Full length eEF1A2 cDNA containing
the E122K missense mutation (364G>A). The self-cleaving peptide T2A is located between
mCherry and eEF1A2, so they are translated into two separate proteins under the CMV
promoter. The same constructs were used for P333L and D252H transfections, except the
location and mutation differed to E122K. Image created on SnapGene (wWww.snapgene.com).

Following transfections in HEK293T cells, the expression of eEF1A2 was quantified by western
blotting comparing mutants to wildtype transfected cells. Faint bands were observed in EV
controls, which may be the result of eEF1A2 antibody cross reactivity with eEF1A1 due to their
high sequence similarity and structure (Figures 12-14). The mCherry signal was weak,
particularly in blots probed for eEF1A2 and mCherry antibodies on the same channel that had
a strong background signal (Figure 12). Therefore, subsequent western blots had mCherry
and eEF1A2 antibodies probed on separate channels. Every replicate western blot showed an
mCherry signal indicative of successful transfection in HEK293T cells, but a few western blots
still showed relatively weak mCherry band signals, which may be the result of low antibody
concentration or poorer efficiency of transfer (Figures 12-14). The expression of eEF1A2 was

visibly lower in mutants compared to wildtype; however, small sample sizes and outliers
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found no statistical significance except for P333L (Figures 15-17). In figures 11-13, each
replicate transfection is colour-coded to better interpret the data, and the third replicate
(shown in red) might be an outlier skewing the statistical significance in E122K and P333L
transfections. However, the second and third replicates in D252H transfections (shown as
green and red, respectively) have very similar expression levels (Figure 15), which is consistent
with the western blot images. Therefore, more significant differences in E122K.eEF1A2 and

P333L.eEF1A2 expression relative to wildtype are suggested.

A more qualitative comparison (Table 9) was included to further analyse the differences in
eEF1A2 expression levels across mutants relative to wildtype. Like the previous results
discussed in figures 15-17, the largest differences in eEF1A2 expression between wildtype and
mutants were observed in E122K and P333L western blots with a 61.5% and 42.1% difference,
respectively (Figures 12-14; Table 9). In comparison, there’s a much smaller difference in
D252H.eEF1A2 expression relative to wildtype. The decreased eEF1A2 expression in E122K
and D252H transfections in HEK293 cells resembled the decreased expression observed in
muscle and brain tissue, respectively (Table 2). Therefore, E122K and D252H have a similar
decreasing pattern of eEF1A2 expression in HEK293 transfections but have differing
expressions in mouse brain tissue, which may suggest that the tissue environment influences

the expression of mutant eEF1A2.
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Table 9: The percentage difference in eEF1A2 expression between mutant and wildtype

transfected HEK293 cells.

Mutation Mutant average signal Wildtype average Percentage
ratio signal ratio difference (%)
E122K 0.15 0.39 61.5%
D252H 0.18 0.21 14.3%
P333L 0.11 0.19 42.1%

The signal ratio was used as a measure of expression and was calculated on western blot images in Image
Studio Lite and normalized to total protein stain. Sample size (n): 4 wildtype per transfection replicate; 4
per E122K transfection replicate; 4 per D252H transfection replicate, and 4 per 2 P333L transfection
replicates. The results from the first P333L transfection were excluded because MG132 treatment visibly
rescued P333L.eEF1A2 expression. All other groups were included as MG132 treatment showed no
difference in eEF1A2 expression; therefore, it was not considered a confounding factor.

3.2.2 MG132 treatment had no effect on eEF1A2 protein stability

Following the transfections in HEK293T, cells were treated with DMSO (control) and
proteasome inhibitor MG132 to determine if missense mutations reduce eEF1A2 stability.
Since MG132 inhibits ubiquitin-proteasome degradation of unstable and/or misfolded
proteins, an increase in stability seen after cells treated with MG132 could suggest that the
mutation has a destabilizing effect on eEF1A2. In western blotting, increased fluorescence in
transfected mutant HEK293T cells following MG132 treatment, indicating higher eEF1A2
expression compared to DMSO-treated cells, would indicate altered eEF1A2 stability. The
western blot results initially suggested that mutations D252H and E122K may be more stable
than P333L because eEF1A2 expression was higher in P333L.eEF1A2 cells treated with MG132
compared to control (DMSO) P333L.eEF1A2. However, no statistical significance was found
(Figure 17) as this observation wasn’t consistent across all P333L.eEF1A2 transfections.
Overall, MG132 treatment didn’t significantly rescue eEF1A2 expression in mutants, which

could be due to low concentrations of MG132 in addition to small sample sizes.
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Figure 12: First HEK293 cell transfections with E122K, D252H, and P333L mutant plasmids.
(a-c) shows the total protein stain (TPS) of each transfection with E122K, D252H, and P333L
mutant plasmids. Quantification of eEF1A2 was normalized to TPS. (d-f) eEF1A2 expression
across genotype and treatment groups is shown by a green or red fluorescent signal. The
bottom bands are mCherry signal (green). Empty plasmids (EV) were transfected in cells as a
negative control for eEF1A2 expression and wasted brain (wst) was another negative control
for eEF1A2 expression to ensure eEF1A2 antibody specificity. Cells transfected with either

wildtype (WT), EV, or P333L plasmids were treated with DMSO as a control to cells treated
with proteasome inhibitor MG132.
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Figure 13: Second set of HEK293 transfections with E122K, D252H, and P333L mutant
plasmids. (a-c) Quantification of eEF1A2 was normalized to TPS. (d-f) eEF1A2 expression
across genotype and treatment groups is shown by a red fluorescent signal. The bottom bands
are mCherry signal (green). Empty plasmids (EV) were transfected in cells as a negative control
for eEF1A2 expression, and wildtype muscle (mu) was a positive control for eEF1A2 expression.
Wasted brain (wst) was used as another negative control for eEF1A2 expression, although it
was not necessary to include as the EV samples also control for eEF1A2 expression.
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Figure 14: Third replicate of HEK293 cell transfections. (a-c) Quantification of eEF1A2 was
normalized to TPS. (d-f) eEF1A2 expression across genotype and treatment groups is shown
by a red fluorescent signal. The green fluorescent signal shown is mCherry, which was used as
a measure of transfection efficiency in cells. Empty plasmids (EV) were transfected in cells as
a negative control for eEF1A2 expression. Wildtype muscle (mu) was a positive control for
eEF1A2 expression.
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Figure 15: Comparing E122K.eEF1A2 expression to wildtype. eEF1A2 expression appears to
be higher in wildtype transfected cells compared to E122K transfected cells but no statistical
significance was found (Welch’s one-way ANOVA: F = 1.472, p = 0.28). Sample size (n): 6 per
boxplot (total = 24). Total no. of experimental replicates = 3. Each experimental replicate is
distinguished by colour. Blue = first transfection, green = second replicate, and red = third
replicate. Statistical significance: ns = non-significant, * p < 0.05. Samples are from HEK293
transfected cells.
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Figure 16: Comparing D252H.eEF1A2 expression to wildtype. Wildtype control cells (WT +
DMSO) have a slightly higher eEF1A2 expression but isn’t statistically significant compared to
the other treatment groups (Welch’s one-way ANOVA: F = 0.197, p = 0.896). Sample size (n):
6 per boxplot (total = 24). Total no. of experimental replicates = 3. Each experimental replicate
is distinguished by colour. Blue = first transfection, green = second replicate, and red = third
replicate. Statistical significance: ns = non-significant, * p < 0.05. Samples are from HEK293
transfected cells.
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Figure 17: Comparing P333L.eEF1A2 expression to wildtype. eEF1A2 expression is slightly
higher in wildtype transfected cells with expression in WT + MG132 cells being significantly
higher than P333L + MG132 treated transfected cells (p = 0.041) (One-way ANOVA: F=4.19,
p=0.019). Sample size (n): 6 per boxplot (total = 24). Total no. of experimental replicates = 3.
Each experimental replicate is distinguished by colour. Blue = first transfection, green = second
replicate, and red = third replicate. Statistical significance: ns = non-significant, * p < 0.05.
Samples are from HEK293 transfected cells.
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3.3 Identifying differences in the E122K.eEF1A2 mutant interactome

The western blot results showed that HEK293 cells, which don’t express endogenous eEF1A2,
can be successfully transfected with eEF1A2 DNA-containing plasmids, which was performed
for E122K.eEF1A2 interactome analysis in affinity purified mass spectrometry (AP-MS).
However, the P333L.eEF1A2 interactome could not be analysed because the mutation was
found to be too unstable in transfections despite increasing the amount of P333L.eEF1A2 DNA
transfected in HEK293T cells. An interactome analysis was conducted to analyze and identify
all the proteins in a cell that interact with eEF1A2 and are altered by the presence of the
E122K mutation since previous studies had already demonstrated that D252H alters the
eEF1A2 interactome. For example, D252H was found to prevent binding of the eEF1B
complex, which functions in the GTP exchange that is needed for the delivery of acetylated
tRNAs to the ribosome (Mclachlan, Sires, and Abbott, 2019; Davies et al., 2020). Comparing
different mutations in eEF1A2 to the WT interactome can give insight into molecular
disturbances in the microenvironment and its molecular pathways. This strategy was tested
as a potential method for grouping mutations to better understand and target their effects
on eEF1A2. To identify any changes in the E122K.eEF1A2 interactome, HEK293T cells
transfected with eEF1A2E122K expression vectors were analyzed by AP-MS (conducted by
Roopesh Krishnankutty (postdoctoral researcher)) and bioinformatics analysis. The V5 tag
was used for co-immunoprecipitation instead of mCherry because a cleavage site is translated
in mCherry, leaving eEF1A2 untagged, whereas V5 will remain tagged to eEF1A2 and can,
therefore, be used to pull down interacting proteins specifically. The eEF1A2-V5 construct
was created by cloning the eEF1A2 cDNA sequence into the backbone of the pcDNA3.1-V5
vector (Figure 18). This method was effective in identifying the eEF1A2 molecular binding

partners.
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pcDNA3.1_eEF1A2_V5 sequence with E122K mutation site

5409 bp

Figure 18: Map of the eEF1A2-V5 construct transfected into HEK293 cells. The pc.DNA3.1-V5
vector cloned with full-length eEF1A2 cDNA containing the E122K missense mutation. Image
created on SnapGene (Www.snapgene.com).

Following normalization conducted on the software pipeline Fragpipe, statistically
significantly altered proteins were identified by conducting a two-sample t-test comparing
the average MaxLFQ values of E122K and WT samples. MaxLFQ is the maximal peptide ratio
extraction, an algorithm for the normalized quantification of label free mass spectrometry,
which was generated from the software pipeline Fragpipe. A 2-sample t-test of the average
MaxLFQ values across E122K and WT replicates was conducted to identify significantly altered
eEF1A2-interacting proteins as the data met the 2-sample t-test statistical assumptions of
random sampling, independence, normality, and homogeneity of variances. Random
sampling and independence of mouse samples were handled by Grant Marshall (postdoctoral
researcher). A quantile-quantile (Q-Q) plot found that both WT and E122K protein
guantification groups’ data distribution appeared relatively normal. A Q-Q-plot is a probability
plot of the quantiles of sample data versus the theoretical quantile values from a normal
distribution. However, a Shapiro-Wilk test for normality revealed that only the average WT

MaxLFQ values were normally distributed, and no statistical significance was found in the

51


https://www.snapgene.com/

average E122K MaxLFQ values, which didn’t appear obvious in the Q-Q plot. Therefore, there
may have been outliers in the E122K group shown in the Q-Q plot, which altered the Shapiro-
Wilk test’s results. Potential outliers were expected in E122K mutants, however, as altered
E122K proteins indicate the eEF1A2 interactome is altered. Despite the violation of normality
in the E122K group, a two-sample t-test is robust to small violations in normality in larger
sample sizes with no extreme outliers, which was observed in the Q-Q plot for E122K (Figure
19)(le Cessie et al., 2020; Sedgwick, 2015). Studies have recommended non-parametric tests
for analyzing smaller datasets with sample sizes as the calculated p-values are smaller than
those calculated by parametric tests, and this disparity increases with sample size (Fagerland,
2012; le Cessie et al., 2020). An F-test was also conducted to determine whether the variances
of the average WT and E122K protein expression groups were equal and found the data was
homoscedastic (F = 1.261, df = 159, p-value = 0.145). Thus, a 2-sample t-test was deemed an
appropriate statistical test. A volcano plot was then created by applying the negative decadic
logarithm (-logio) of the p-values and calculating the binary logarithm (log2) of the fold
change, which is the log2 difference between mutant and WT MaxLFQ averages across

replicates.
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Figure 19: Q-Q-plots normality plots predict the data distribution. A Shapiro-Wilk test for
normality also confirmed WT protein expression was normally distributed (Shapiro-Wilk: W =
0.96821, p-value = 0.0001). However, the E122K protein expression was not significantly
normally distributed (Shapiro-Wilk: W = 0.98591, p-value = 0.105). Sample size (n)= 160 per
sample group (WT and E122K). Image is author’s own and created on R studio.

3.3.1 A cluster of proteins involved in translation elongation are downregulated in the

E122K.eEF1A2interactome

The interactome analysis results found that most proteins showing decreased binding are
subunits of the eEF1B-ValRS complex comprising the subunits eEF1Ba, eEF1B6, eEF1By, and
valyl-tRNA synthetase, which are encoded by the genes EEF1B2, EEF1D, EEF1G and VARSI,
respectively. The EEF1D gene is located on chromosome 8 and gives rise to four isoforms
through alternative splicing, which were all found significantly downregulated (Figure 20)
(Kaitsuka and Matsushita, 2015). Three out of the four eEF1D isoforms are involved in
translation elongation, referred to as short isoforms 2,4, and 5, and the other isoform, known
as isoform 1 or eEF1BOL, functions as a transcription factor. The three short eEF1D isoforms
assemble into a homotrimer in the eEF1B complex, which acts as a GEF for eEF1A during
translation elongation (Kaitsuka and Matsushita, 2015). The most significantly downregulated

eEF1D isoform was the short isoform 4, which forms part of the eEF1D homotrimer in the
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eEF1B complex. These findings support previous studies that found eEF1A2 binds to the

eEF1B complex (Bondarchuk et al., 2022; Cao et al., 2014).
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Figure 20: Volcano plot of E122K.eEF1A2 molecular partners. The labelled proteins (shown
in blue) are eEF1A2 binding partners that have significantly altered binding caused by the
E122K mutation. The repeating datapoints of EEF1D protein represent different isoforms.
Statistical significance: p < -log10(0.05) and fold change > +/- 1.5.
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3.3.2 A Gene Ontology (GO) analysis highlighted the importance of protein translation

regulation and quality control

To gain a deeper understanding of which biological pathways are likely altered in the
E122K.eEF1A2 interactome, a GO analysis was conducted on RStudio to identify the 10 most
enriched biological pathways (Figure 21). GO is a computational tool that can cluster large
datasets consisting of genes and proteins generated from high-throughput experiments into
their consequent overrepresented biological pathways, molecular function, or cellular
components. Therefore, GO analyses are an effective strategy for grouping proteins by

common molecular functions for efficient targeting in research.

As expected, translation elongation was one of the most enriched biological pathways as
subunits of the eEF1B-ValRS complex were significantly downregulated. Another group of
significantly altered proteins in the E122K.eEF1A2 interactome were ribosomal proteins,
RPL6, 11, 12, 23, 30, and 34. Among the group of significant ribosomal proteins, some were
found upregulated and others were downregulated (Figure 21). These ribosomal protein
subunits form part of the 60S ribosome. The upregulated proteins RPS3 and RPS15A are also
ribosomal proteins, which encode protein subunits of the 40S complex. The 60S ribosome
binds to the 40S subunit to form the 80S ribosome, which functions in the elongation of the
polypeptide chain (Thornton et al., 2003). The GO enrichment analysis focusing on the 10
most significantly altered biological pathways found cytoplasmic translation was enriched in
all ribosomal proteins, and RPL23 was particularly associated with the formation of DNA-
protein complexes and protein quality control processes. These findings could be indicative
of reduced protein translation efficiency and regulation of protein synthesis E122K.eEF1A2

interactome.

Some altered proteins in the E122K.eEF1A2 interactome, such as SUPT16H, have been linked
to neurodevelopmental disorders. A clinical report on de novo mutations identified in
SUPT16H, a subunit of the FACT (facilitates chromatin transcription) complex, described
patients with symptoms of epilepsy, autism, and corpus callosum abnormalities (Bina et al.,
2020). Surprisingly, SUPT16H was found to be one of the most upregulated proteins with the

largest fold change in the E122K.eEF1A2 interactome, but no studies have found a link to
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eEF1A2. The GO analysis results also found enriched biological pathways involving
nucleosome organization, which may be indirectly linked or not relevant to eEF1A2 because

it is localized in the cytoplasm (Figure 21).
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Figure 21: Gene ontology (GO) analysis of the 10 most prominent biological pathways in
E122K.eEF1A2 and their altered proteins. The heatmap was created on R using the package
enrichplot. The fold change was used a quantitative measure showing whether proteins in the
E122K.eEF1A2 were upregulated or downregulated.
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3.3.3 STRING predicts potential molecular networks in the E122K.eEF1A2 interactome

The GO analysis grouped proteins into enriched biological pathways, but the next question
was whether the eEF1A2 molecular binding partners significantly altered in the E122K.eEF1A2
interactome formed protein-protein interaction networks that could give insight into eEF1A2
function. A network was generated from the STRING database by selecting all the significantly
altered proteins identified by AP-MS against a reference dataset, which in this case, were all
the proteins detected in the E122K.eEF1A2 interactome, irrespective of statistical
significance. The STRING database forms predicted protein-protein interactions from many
sources, including studies, experimental data, and computational prediction tools. The
predicted protein interactions are not all necessarily physical interactions, as they could be
functional associations (Szklarczyk et al., 2021). A functional association network could give
insight into how the significantly altered proteins in the E122K.eEF1A2 interactome may be
connected by common molecular pathways (Figure 22). Figure 22 shows a large cluster of
closely interconnected proteins, including ribosomal proteins and translation elongation
factors, which all have a role in protein translation. Therefore, the E122K mutation might
trigger a chain reaction in the protein translation pathway rather than solely affect a few

specific proteins, causing reduced translation regulation and efficiency.

Protein translation is said to be interlinked with cytoskeletal arrangement and actin bundling
as studies found that phosphorylation of eEF1A2 increases dimerization, which stabilizes actin
bundling (Carriles et al., 2021; Negrutskii et al., 2018). Moreover, sites of phosphorylation
have been identified in highly conserved regions of eEF1A2, and eEF1A2 has been shown to
directly bind to actin (Mendoza et al., 2021). However, the E122K.eEF1A2 interactome hasn’t
identified actin as an altered molecular binding partner of eEF1A2, despite the evidence of
eEF1A2 mutations altering actin dynamics (Figure 20). Therefore, eEF1A2’s non-canonical
function in actin dynamics may not be altered by the E122K missense mutation. Alternatively,
eEF1A2 may also regulate actin dynamics indirectly via tubulin or other proteins that interact
with actin. The STRING network shows a small cluster of interacting cytoskeletal proteins,
such as tubulin, cofilin, and vimentin. Tubulin proteins, TUBB, TUBA1B, and TUBB4B, were
found to interact with cofilin 1 (CFL1) and eEF1G, a subunit of the eEF1B complex. Cofilin 1 is

an actin-binding protein that regulates the neuronal actin cytoskeleton, and undergoes cycles
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of inactivation by phosphorylation, resulting in actin disassembly and activation by
dephosphorylation (Sarmiere and Bamburg, 2004). Cofilin was found to compete with tau
protein for direct binding to tubulin in mouse primary neurons. Tau proteins function in
microtubule assembly and can undergo pathological PTMs, causing misfolded protein
aggregates found in tauopathies, including Alzheimer’s disease. Active cofilin was found to
disrupt microtubule stability, which disrupts tau, and is implicated in promoting tauopathy.
Thus, cofilin directly interacts with tubulin and is associated with neurodegenerative diseases
(Woo et al., 2019; Zilka et al., 2009). The interaction of eEF1G in actin dynamics is unknown

as further studies are needed to elucidate its function.

Interestingly, GPC4 was the most significantly downregulated protein in the E122K.eEF1A2
interactome, but no functional association to other proteins in the interactome was found in
the STRING predicted interaction network. GPC4 is a heparan sulfate proteoglycan that is
involved in Keipert syndrome, an X-linked disorder characterized by craniofacial
abnormalities and intellectual disability (Amor et al., 2019). Similar to SUPTH-related
disorders, there is overlapping pathology with eEF1A2-related neurodevelopmental
disorders; however, no link has been found to eEF1A2 other than its role as molecular binding
partners. Overall, STRING networks are an effective strategy for clustering proteins by their
functional associations to highlight which proteins in common biological pathways are altered

in the E122K.eEF1A2 interactome.
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Figure 22: STRING generated protein interaction network of the significantly altered binding
partners in the E122K.eEF1A2 interactome. The functional interactions in the network may
be direct or indirect (Szklarczyk et al., 2011). The colour-coded connectors represent how the
functional association between proteins was determined. Dark green = gene neighbourhood,
light green = textmining, red = gene fusions, dark blue = gene co-occurrence, black = co-
expression, pink = experimentally determined, light blue = from curated databases, and violet
= protein homology. Imagen created on STRING: https://string-db.org/.
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3.3.4 A comparison of the E122K.eEF1A2 and D252H.eEF1A2 interactome highlights the
mutations’ detrimental effects on protein translation machinery

A comparative analysis was then conducted on a previous lab member’s (Fiona McLachlan’s)
data, which investigated the D252H.eEF1A2 mutant interactome by AP-MS on transfected
neuronal progenitor SH-SY5Y cells. The D252H mutation was introduced into the cloned
eEF1A2 cDNA sequence in the backbone of the pcDNA3.1-V5 vector (McLachlan, 2020) prior
to transfection in SH-SY5Y cells. This comparative analysis was conducted to identify any
similarities and differences to the E122K.eEF1A2 interactome. Figure 23 compares the
proteins that were found to be significantly altered in the D252H.eEF1A2 and E122K.eEF1A2
interactomes. Surprisingly, few proteins converged between both interactomes and it’s
unknown whether the different cell backgrounds confounded these results. The converging
proteins altered in both interactomes are downregulated subunits of the EEF1B-ValRS
complex, suggesting that these proteins are likely to be altered in the interactomes of other
missense mutations. However, when comparing the differences between both interactome

datasets, E122K.eEF1A2 has considerably more altered ribosomal proteins.
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Figure 23: Venn diagram comparing the significantly altered proteins identified in the
eEF1A2°%52H gnd eEF1A2522K jnteractome. The significantly altered proteins shown were
either upregulated or downregulated. The converging section of the Venn diagram shows
VARS, EEF1D, EEF1G, and EEF1B2 proteins are altered in both D252H and E122K mutant
eEF1A2 interactomes. These proteins form part of the EEF1B-ValRS complex and have
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important functions in protein translation elongation. The D252H.eEF1A2 data was taken
from: Fiona McLachlan (McLachlan, 2020).

3.3.5 Validating the interactome analysis in eEF1A28122X transfected HEK293T and SH-SY5Y
cells

The results of the interactome analysis were then validated by co-immunoprecipitation
followed by western blotting to confirm that the same binding strength in molecular binding
partners was observed in independent experiments using HEK293T and SH-SY5Y cells
transfected with E122K.eEF1A2-V5 constructs. There were some issues with antibody
specificity and protein detection, which limited the number of proteins that could be
validated by western blotting. Therefore, both this project’s results, and the previous results
of a lab member (Grant Marshall, postdoctoral researcher) are reported in Figures 24 and 25,
respectively. EEF1D and EEF1B2 binding were analyzed in co-immunoprecipitated eEF1A2822K
transfected HEK293T cells, and EEF1D binding was analyzed in undifferentiated eEF1A28122K
transfected SHS-Y5Y cells. Protein signal bands observed in western blotting were normalized
to the eEF1A2-V5 signal, the bait in the co-IP experiment, to also normalize for changes in
transfection efficiency and protein stability (Figures 24 and 25). The results found that eEF1D
and eEF1B2 binding appears slightly weaker in eEF1A2E12%€ transfected HEK293T mutants;
however, the difference in binding was not statistically significant (Figure 25). No difference
in eEF1D binding was observed in SH-SY5Y transfected cells, although input fractions on
western blotting were much weaker, suggestive of less protein in samples than inputs in
transfected HEK293T samples. Moreover, two bands were detected for eEF1D across E122K
mutant and WT co-IP samples from HEK293T transfected cells (Figure 25b). Other than the
possibility of antibody cross reactivity, the antibody may have detected another eEF1D
isoform. As mentioned above, there are four eEF1D protein isoforms, of which three are
involved in translation elongation, referred to as short isoforms 2,4, and 5, and the other
isoform, known as isoform 1 or eEF1BdL, functions as a transcription factor. According to the
UNIPROT database and a study investigating the effect of eEF1BSL KO in mice, it’s likely that
two short eEF1Bd isoforms were detected in western blotting because they have similar
molecular weights (~28-32 kDa), whereas eEF1BOL has a much higher molecular weight

reported (~72 kDa(Kaitsuka et al., 2018; Wang et al., 2021). Validation of the interactome
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analysis was performed in the SH-SY5Y cells because it is a neuronal cell line that is more
physiologically relevant to the mouse brain than HEK293T cells. The human neuroblastoma
SH-SY5Y cells express endogenous eEF1A2 and exhibit neuronal properties, which could be
more physiologically relevant as eEF1A2 is expressed in most neurons in the brain (Newbery
et al., 2007). Despite these differences, the validation results found no obvious differences
across cell lines. The HEK293T human embryonic kidney cell line was chosen because it can
be easily manipulated to express eEF1A2, has higher transfection efficiencies, and is easier to
maintain in the lab compared to SH-SY5Y cells. Despite the lack of statistical significance found
in the western blot quantification, there are visibly weaker bands in the eEF1D and eEF1B2
mutant-transfected SH-SY5Y and HEK293T samples, respectively. Thus, the validation results
found some results resembled those of the high-throughput co-immunoprecipitation and

mass spectrometry experiments.
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Figure 24: Validating eEF1D binding by co-immunoprecipitation in eEF1A22?X transfected
SH-SY5Y cells. (a) shows the elute western blot that was used as a control for co-
immunoprecipitation to ensure that enough protein was present in samples. (b) co-
immunoprecipitated samples of eEF1A2F122K transfected SH-SY5Y cells were analyzed on
western blotting. Note: Both V5 (GeneTex) and eEF1D (GeneTex, GTX102292) antibodies were
reprobed and imaged on the red channel due to high background fluorescence on the green
channel. (c) western blot quantification of eEF1D normalized to eEF1A2-V5 found no
statistically significant difference in eEF1D binding (Wilcoxon: W = 3, p-value = 0.7). Empty
vector (EV) was used as a negative control for transfection. Upper bands on both western blots
are eEF1A2-V5, whereas lower bands are eEF1D. Sample size (n): 6 (3 per genotype). Statistical
significance: p < 0.05. Experiment was performed by the author of this project.
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Figure 25: Validating eEF1D and eEF1B2 binding by co-immunoprecipitation in eEF1A2E122K
transfected HEK293 cells. (a) The control inputs and washes prior to co-immunoprecipitation
to ensure that enough protein was present in eEF1A252¢ transfected HEK293T samples. (b)
shows a comparison of the binding strength of eEF1A2-V5, eEF1B2, and eEF1D following co-
immunoprecipitation in E122K and WT samples. (c) western blot quantification of eEF1B2
found reduced binding in E122K mutants, but there was no statistical significance (Wilcoxon:
W = 8, p-value = 0.2). (d) eEF1D binding was also decreased in E122K mutants, but the
difference relative to WT wasn’t statistically significant (Wilcoxon: W = 7, p-value = 0.4).
eEF1D (GeneTex, GTX102292) was probed on chemically stripped western blots that had been
previously probed for eEF1B2 and eEF1A2-V5. Sample size (n): 6 (3 per genotype). Statistical
significance: p < 0.05. The western blot results for eEF1A2-V5 and eEF1B2 (shown in a and b)
were taken from Grant Marshall (postdoctoral researcher).
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3.4 A differential expression analysis of the eEF1A2E122K/E122K mgyse brain

A differential expression analysis was then conducted on the eEF1A28122K/E122K mytant mouse
brain by label-free quantification LC-MS/MS mass spectrometry (performed by Roopesh
Krishnankutty (postdoctoral researcher)) and bioinformatics analysis to identify changes in
the mouse brain proteome (Figure 27). In the brain, eEF1A1 and eEF1A2 expression is
mutually exclusive, with eEF1A2 is expressed exclusively in neurons, whereas eEF1A1l is
expressed in glial cells and white matter (Newbery et al., 2007). The aim of identifying
changes in the E122K mutant brain proteome was to give insight into the effects of E122K on
eEF1A2 stability and function. The mass spectrometry output was run-through the software
pipeline DIA/NN for normalized quantification. A 2-sample t-test comparing the means of WT
and E122K groups of quantified protein expression was performed to proteins with
statistically significant differential expression. Prior to performing the 2-sample t-test, the
data had to follow the test’s statistical assumptions of random sampling, independence,
normal distribution, and homogeneity of variances. The random sampling and independence
assumptions in mice and mouse brain samples were handled by Grant Marshall (postdoctoral
researcher). A Shapiro-Wilk test of normality found that both WT and E122K protein
expression groups were normally distributed, which was also visualized in a Q-Q plot (Figure
26). As mentioned above, an F-test determines whether the variances between two groups
are equal, and no statistically significant difference in the variances between the average WT
and E122K protein expression groups was found (F-test: F = 0.95431, df = 4287, p-value =
0.1258). Therefore, the WT and E122K data was homoscedastic, and all the statistical test
assumptions of a t-test were met. The same calculations mentioned above for the
interactome analysis were also applied using the average WT and E122K protein expression

to generate volcano plots.
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Figure 26: Q-Q-plots to test the normality assumption for a 2-sample t-test. A Shapiro-Wilk
test for normality found both the average WT (Shapiro-Wilk: W = 0.13475, p-value < 2.2 x 100
16) and E122K (Shapiro-Wilk: W = 0.1305, p-value < 2.2 x 10°) quantified protein expression
groups were normally distributed.

A lower log2 fold change significance threshold of +/- 0.05 on the volcano plots was
considered suitable due to the low range of fold change across all differentially expressed
proteins (Figures 27, 29, and 30). The biological relevance was also considered when deciding
the fold change significance threshold. eEF1A2 is known to be significantly downregulated in
mutants; therefore, the fold change significance threshold could not be above eEF1A2’s fold
change. The main functions of each significant differentially expressed gene was summarized
to give an overview of the altered eEF1A2F122K/E122K mgyse brain proteome (Table 5). A
comparison of the differentially expressed proteins across sex found that female mice had
fewer differentially expressed proteins compared to male mice (Figures 29 and 30). Then, a
STRING and GO analysis were performed to identify functional protein interactions, and the
most enriched biological pathways, respectively. STRING found the major clusters of proteins
are involved in protein translation, neuronal regulation, and chromatin modifications (Figures
28). Similarly, the GO analysis found the most enriched biological pathways involved

chromatin regulation and modifications (Figure 31).
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3.4.1 Translation regulation is most likely affected in the eEF1A2E122K/E12K joyse brain
proteome

The results of differential expression analysis found that the p-value with the highest
significant p-value was eEIF5, a translation initiation factor, which is a highly conserved and
essential protein involved in protein translation. Studies found that eEIF5A interacts with
eEF1A and the 80S ribosome (Figure 27)(Zanelli et al., 2006). Furthermore, elF5A’s association
to the ribosome is dependent on active protein synthesis, and its function is sensitive to
protein synthesis inhibitors, suggesting that elF5A has a role in translation (Dias et al., 2012;
Zanelli et al., 2006). Therefore, elF5A could be a potential indicator of protein synthesis
function in eEF1A2 mutants, but further studies would be required to elucidate the molecular
mechanism. Another important differentially expressed gene involved in translation was
eEF2, which is an elongation factor protein that regulates the translocation of the polypeptide
chain from the A-site to the P-site of the 80S ribosome. Phosphorylation inhibits its regulatory
function in translation (Kaul et al., 2011). The differential expression analysis found regulatory
proteins involved in protein translation elongation were the most significantly affected in the
mouse E122K.eEF1A2 brain proteome. However, it’s surprising that there aren’t more
significantly downregulated proteins considering that translation capacity was one of the

most significantly affected functions.
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Figure 27: Volcano plot of differentially expressed proteins in the mouse eEF1A2E122K/E122K
brain. Each datapoint in the volcano plot represents a protein that was detected by LC-MS/MS.
The green datapoints are proteins that were found not to be differentially expressed. The
proteins labelled are those which are differentially expressed. Blue = upregulated. Red =
downregulated. Sample size (n) = 10 (5 male and 5 female). Plot was created on Rstudio.
Statistical significance: p < 0.05 and fold changes > +/- 0.5. Image: author’s own.
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Table 5: Significant differentially expressed proteins, their corresponding gene names, and functions

Gene Protein name Uniprot ID Differential Function(s)
Expression
Eef2 Elongation factor 2 P58252 up Translation elongation
Smim29 Small integral membrane | AOA338P7F9;A0A33 up Unknown
protein 29 8P7F5;Q8R043
Shtn1l Shootin-1 Q8K2Q9;Q8K2Q9-2 UP Cytoskeletal organisation,
axon development
Prrc2a Protein PRRC2A Q7TSC1 up Regulation of pre-mRNA
slicing
Zprl Zinc finger protein 1 FBWHU9;Q62384 upP Binds to eEF1A1
Eef2;Eftud2 116 kDa U5 small nuclea A2AH85;G3UZ34;G UpP Pre-mRNA splicing and
r ribonucleoprotein com 3UXK8;008810;P58 ribosome translocation
ponent 252
Rpl3 60S ribosomal protein L3 | AOA2R8VHN4;P276 up Component of the 60S
59 ribosome subunit
Btf3 Isoform 2 of Transcriptio Q64152;Q64152-2 up Transcription initiation
n factor BTF3
Serbpl Serpinel mRNA binding AOAON4SV40 UpP mRNA stability, ribosome
protein 1 binding activity, ubiquitin-
like protein SUMO activity
Galkl Galactokinase Q9RONO upP Galactose metabolism
Shisa9 Protein shisa-9 E9QN38;Q9CZN4;Q UP AMPA receptor activity,
9CZN4-3;Q9CZN4-4 synaptic plasticity
Mcts1 Malignant T-cell- Q9CQ21;Q9DB27;Q UpP Cell cycle, translation
amplified sequence 1 9DB27-2 initiation
Mdgal MAM domain- D37499;A0A3Q4EG UpP Cell adhesion, migration,
containing glycosylphosp | H1;F7ABV5;Q0PMG axon guidance, neuronal
hatidylinositol anchor 2 migration, inhibitory
protein 1 synapse formation
H1-4 Histone H1.4 P43274 UP Chromatin compaction,
transcription regulation
H1-1;H1-2;H1- | Histone H1.2 P43275;P43274;P4 UP Transcription regulation
4 3277;P15864
H1-5 Histone H1.5 P43276 UpP Chromatin compaction,
transcription regulation
H1-1 Histone H1.1 P43275 upP Chromatin compaction,
transcription regulation
Arl6ip4 ADP-ribosylation factor- D3YWC(C2;D3Z6F1;Q up RNA splicing and mRNA
like protein 6- 9JM93 processing.
interacting protein 4
Ctcf Transcriptional repressor Q61164 upP Transcription regulation,
CTCF chromatin remodelling
Mrpl4d5 39S ribosomal protein L4 F6QAU7;Q9D0Q7 up Mitochondrial translation
5, mitochondrial
Mobla;Mob1l | MOB kinase activator 1B Q3UDMO0;Q921Y0; UpP Microtubule stability
b Q921Y0-2;Q8BPBO during cytokinesis
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Eif5 Eukaryotic translation ini | AOA1Y7VKT5;P5932 DOWN Protein translation
tiation factor 5 5
Myl4 Myosin light chain 4 AOA0G2JDM3;Q9CzZ DOWN Actin binding,
19;A2A6Q8;A0A0G cytoskeleton
2JDW2;P09541;P09
542
Eefla2 Elongation factor 1-alpha | P62631 DOWN Translation elongation
2
Kif5a Kinesin heavy chain P33175 DOWN Axonal transport
isoform 5a
Lyrm9 LYR motif-containing E9PX24;Q3UN90 DOWN Unknown
protein 9
Pls1;PIs3 Plastin-1 B1AX58;A0A1C7CY DOWN Osteoblast differentiation
V0;Q99K51;Q3V0K9
Scn8a Sodium channel protein F7D6K4;F6U329;A0 DOWN Membrane depolarisation
type 8 subunit alpha A0J9YUWS5;A0A0J9 for the generation of
YTW4;F7D6J5;A0A0 action potentials in
JOYTW2;Q9WTU3;Q excitable neurons
9WTU3-3;Q9WTU3-
4;,Q9WTU3-5
Gc Vitamin D-binding P21614 DOWN Vitamin D binding and
protein transport
Cc3 Complement C3 P01027 DOWN Complement activation,
inflammatory response,
Serpina3k Serine protease inhibitor | E9Q499;A0A0R4JO0I DOWN Trypsin-like protease
A3K 1;G3X8T9;F22405;Q inhibition
512A0;Q91WP6;P29
621;P07759;Q0373
4
Hpx Hemopexin AOA1B0GS57;Q91X DOWN Transport heme to the
72 liver
Aldoartl Fructose-bisphosphate Q9CPQY;A6Z146 DOWN Glycolysis
aldoase
Plpl Myelin proteolipid P60202;P60202-2 DOWN Myelination, maintenance
protein of myelin
Cadps Isoform 2 of Calcium- AOA286YDH6;Q80T DOWN Protein transport,
dependent secretion acti | J1-2 exocytosis
vator 1
Serpinbla Leukocyte elastase inhibi | Q9D154 DOWN Unknown
tor A
Tspan2 Tetraspanin 2 Q9D1X8;A0A0G2JD DOWN Stabilise the mature
X4;A0A0G2JEZ7;Q9 myelin sheath,
22)6 oligodendrocyte signalling

Note: The functions of each protein are reported from UNIPROT (Wang et al., 2021) and The Human Gene
Database (Safran et al., 2021) . Only differentially expressed proteins were included in the table above.
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3.4.2 Clusters of protein interactions highlight eEF1A2 function and translation regulation
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Figure 28: STRING network analysis of differential expression in the mouse eEF1A2F122K/E122K
brain. A network of predicted functional interactions between significantly differentially
expressed proteins in mouse eEF1A2E122K/E122K prgin (plotted by their mouse gene names)
shows some clustering. The colour-coded connectors represent how the functional association
between genes was determined. Dark green = gene neighbourhood, light green = textmining,
red = gene fusions, dark blue = gene co-occurrence, black = co-expression, pink =
experimentally determined, light blue = from curated databases, and violet = protein
homology. Image is author’s own and was created on STRING ( https://string-db.org/).
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Three major clusters of protein interactions were identified in the STRING analysis of
differentially expressed proteins in the eEF1A28122K/E122K hrain (Figure 28). The largest cluster
consists of eEF1A2 interactors, such as EEF2, EIF5, and ZPR1. Zinc protein-like finger (ZPR1) is
an essential protein that interacts with eEF1A and survival motor neuron (smn) protein,
whereby mutations in SMIN cause the motor neuron degenerative disease, spinal muscular
atrophy (SMA). ZPR1 competes with eEF1B2 to bind to eEF1A, and the ZPR1-eEF1 complex is
required for normal cell cycle progression. In addition, heterozygous mutant ZPR1 mice
exhibited motor neuron degeneration bearing similarities to wst affected spinal cords (Doran
et al., 2006; Mishra et al., 2007). Therefore, the neurodegenerative phenotype may be partly
the result of the ZPR1 interaction to eEF1A and could be investigated further to determine
whether ZPR1 contributes to the motor delays and defects observed in children affected by
mutations in eEF1A2. As previously mentioned, eEF2 and elF5 also have regulatory roles in
protein translation, and ribosomal protein 3 (RPL3) is a component of the 60S ribosome. A
functional interaction between eEF2 and elF5 during translation elongation was discovered
in yeast in which protein synthesis defects in elF5A mutants were ameliorated by a high-copy
of eEF2, which suppressed the elF5A mutant (Dias et al., 2012). More recently, a study found
eEF2 and elF5A bind to the 80S ribosome during translation elongation, and eEF2 binding to
the ribosome reduces elF5A binding affinity to the ribosome in yeast suggestive of mutually
exclusive binding to the 80S ribosome. Furthermore, elF5A%22H/193F mytants, which don’t have
altered binding affinity to the ribosome in the presence of eEF2, exhibited impaired
translation elongation due to eEF2 overexpression. Therefore, regulation of eEF2 and elF5A
binding to the ribosome is important for the normal functioning of translation elongation
(Rossi et al., 2016). Thus, this cluster highlights the regulation of translation is likely affected

in the eEF1A2E122K/E122K mayse brain.

Another extensive cluster of interacting proteins are involved in the inflammatory response,
including histones and complement 3 (C3). Within this network, several Serpina protease
inhibitors closely interact with hemopexin (HPX). Hemopexin binds and transports heme
groups to the liver, but it was also found that it is involved in oligodendrocyte differentiation.
Loss of hemopexin in mice resulted in a motor defects and impaired myelination, and it was
concluded that it could potentially have a role in the pathogenesis of neurodegenerative

disorders. In addition, protease inhibitors have been implicated in the maintenance of myelin,
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and Serpina-3 has been implicated in neurodegeneration (Morello et al., 2011; Soman and
Asha Nair, 2022). These findings suggest that several affected proteins in the eEF1A2E122K/E122K
brain proteome could contribute to the neurodegenerative phenotype observed in E122K

mutant mice.

The small network cluster generated on STRING consisting of KIF5A, which interacts with PLP,
and PLP interacts with TSPAN2 (Figure 28). These proteins were all significantly
downregulated in the eEF1A2E122K/E12K  moyse brain  and are implicated in
neurodevelopmental disorders (Figure 27). TSPAN2 is the protein tetraspanin, which
stabilizes the mature myelin sheath and is involved in oligodrendogenesis. Tetraspanin
interacts with proteolipid protein (PLP), the predominant myelin protein in the CNS that
causes axonal degeneration when mutated. A study found that tetraspanin and proteolipid
protein have potentially overlapping functions in regulating neuroinflammation (de
Monasterio-Schrader et al., 2013). KIF5A is a kinesin expressed in neurons that functions as a
molecular motor in the transport of proteins and organelles (Hirokawa et al., 2009). Figure 27
shows that KIF5A expression is one of the most significantly downregulated proteins in the
eEF1A2E122K/E122K moyse brain. Interestingly, reports have shown that mutations in KIF5A may
cause amyotrophic lateral sclerosis (ALS), and patients carrying mutations in eEF1A2 have
motor defects and delays, such as walking (Brenner et al., 2018; Kaneko et al., 2021). Loss of
KIF5A has also been attributed to epilepsy by affecting GABA trafficking (Gambino et al.,
2022). KIF5A knockdown resembles the phenotype of loss of eEF1A2 expression (i.e., wasted
brain), which results in motor neuron degeneration in mice. Targeting this molecular network
for future studies could give insight into the neurological defects caused by the E122K
mutation in eEF1A2. Although eEF1A2 is only expressed in neurons in the brain, missense
mutations in eEF1A2 may affect other cell types that do not express eEF1A2, such as
oligodendrocytes, via functional interactions. Overall, the STRING analysis has provided an
overview of protein interactions and its potential roles in the eEF1A2E122K/E122K degenerative

phenotype in mice.
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3.4.3 Sex differences in the E122K.EF1A2 mouse brain proteome

The differentially expressed proteins in male and female eEF1A28122K/E122K g yse brains were
compared to identify any sex-specific differences that could correlate to differences in
phenotype severity as the eEF1A20252H/D252H gnd e EF1A2E122K/E122K male mice had more severe
phenotypes (Davies et al., 2020; Marshall, 2022). Interestingly, fewer proteins were found to
be differentially expressed in females in comparison to male mice. Different statistically
significant proteins were also identified in both sexes (Figures 29 and 30). For example,
MAPRE1/MAPRE2 and TACC2 are microtubule-interacting and/or microtubule-regulating
proteins which were differentially expressed in the female mouse eEF1A2E122K/E122K prain
(Gergely et al., 2000; Su and Qi, 2001). In contrast, the differentially expressed proteins in
males largely resembled the volcano plot in Figure 26, with the exception of a few proteins,
including CAMK2, which are Ca?* /calmodulin-dependent protein kinases involved in synaptic
plasticity (Lucchesi et al., 2011). Due to the small sample sizes of each sex in the proteomic
analysis, western blotting of more samples was conducted to observe whether differences in
differential expression could also be detected across sex. Figure 34a shows the results of a
western blot for FKBP3, a protein found differentially expressed in females, but not in the
E122K.eEF1A2 male mouse brain. FKBP3 was selected for western blotting analysis because it
had the highest p-value; therefore, any differences in expression could be easier to detect by
western blotting. However, there were no differences in FKBP3 expression in E122K.eEF1A2
mutants compared to wildtype (Figures 34a, and 34b). Thus, further experiments would be
needed to determine whether sex phenotypic differences in mutant mice correlate with

differences in differential expression in the mouse brain.
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Figure 29: Differential expression analysis of female mouse eEF1A2122K/E122K hrain, Samples
from female mice were statistically analyzed to compare differentially expressed proteins to
the male mouse brain proteome. Statistical significance: p < 0.05 and fold changes > +/- 0.5.
Sample size (n): 4 (2 WT and 2 eEF1A2E122K/E122K) |mage: author’s own.
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Figure 30: Differential expression analysis in male mouse eEF1A2E122K/E122K hrqin, Samples
from male mice were statistically analyzed to compare differentially expressed proteins to the

female mouse brain proteome. Statistical significance: p < +/- 0.05. Sample size (n): 6 (3 WT
and 3 eEF1A2E122K/E122K) - |mage: quthor’s own.
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3.4.4 The most enriched biological pathways in the eEF1A28122K/E122K moyse brain involve
chromatin remodelling

Following the STRING analysis, a GO analysis was conducted of the 20 most enriched
biological pathways in the altered eEF1A2E122K/E122K moyse brain. Interestingly, the packaging
of DNA into nucleosomes and higher order chromatin were the most prominent biological
pathways, which is surprising considering eEF1A2 is a cytosolic protein that hasn’t been
reported to enter the nucleus (Figure 31). A wide range of neurodevelopmental disorders,
such as autism and intellectual disability-related disorders, have altered chromatin modifiers.
For example, CTCF, a chromatin organizer, pathogenic variants were identified in individuals
with highly heterogenous neurodevelopmental disorders characterized by intellectual
disability, minor facial dimorphisms, and mild seizures. Overexpression of CTCF in drosophila
impaired neurological function, and the differential expression analysis found CTCF was
upregulated in mice (Konrad et al., 2019). In addition, epigenetic changes, in particular
methylation, have also been attributed to neurodevelopmental disorders (LaSalle, 2013;
Mossink et al., 2021). These findings suggest the eEF1A2E122K/E122K moyse brain shares similar
characteristics to other heterogeneous neurodevelopmental disorders. It is not fully
understood how chromatin and epigenetic changes are attributed to neurodevelopmental
disorders and eEF1A2 function. These enriched pathways could be indirectly linked to eEF1A2

or be arquefactual; therefore, more studies are needed to confirm these findings.
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Figure 31: GO analysis of enriched biological pathways in the eEF1A2F122K/E122K pyoyse brain.
The heatmap shows the 20 most enriched biological pathways from the differentially
expressed proteins found in eEF1A2E122K/E122K moyse brain proteome. The fold change indicates
whether the protein is upregulated or downregulated. The grey-coloured squares indicate that
the fold change is not significant. The heatmap was created on Rstudio using the enrichplot
package. Image: author’s own.
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3.4.5 Validating the eEF1A28122K/E122K differential expression analysis by Western blotting

Following the bioinformatics analysis of the mass spectrometry data, the same
eEF1A2F122K/E122K moyse brain samples were analysed by western blotting to determine
whether the same changes in protein expression were observed. The proteins selected for
western blotting were some of the most significantly altered and relevant to eEF1A2 function.
The proteins KIF5A, SHTN1, and eEF2 showed the same differential expression patterns as the

results observed from mass spectrometry (Figure 27).

Phosphorylated eEF2 was analysed on western blotting because phosphorylation by eEF2
kinase (eEF2K) on the Thr-56 residue inhibits eEF2 activity, resulting in the suppression of
protein synthesis (Sutton et al., 2007). A comparison of eEF2 and phospho-eEF2 expression
levels in the eEF1A2E122K/E122K mgyse brain could be an indication of whether protein synthesis
is reduced in mutants. The western blot results showed a significant increase in eEF2
expression in mutants, but no difference in phospho-eEF2 expression was observed

compared to wildtype (Figure 32).

Other proteins for which validation by western blotting was attempted were Shootinl
(SHTN1), KIF5A, and FKBP3. Shootin1 and KIF5A expression in western blotting resembled the
mass spectrometry findings with significantly increased and decreased expression in
eEF1A2F122K/E122K mytants, respectively (Figure 33). As previously mentioned, mutations in
KIF5A have been implicated in neurodevelopmental disorders, such as ALS. Shootinl
functions in axonal maturation and neurite extension during development and interacts in a
common molecular pathway with the gene X-linked cyclin-dependent kinase-like 5 (CDKL5),
whereby mutations cause epileptic encephalopathies (Nawaz et al.,, 2016). FKBP3 was
identified in mass spectrometry as significantly upregulated in the female eEF1A28122K/E122K
mouse brain; however, no significant difference in expression was found across all mutants
compared to wildtype. There was also no significant difference across all mouse brain
mutants, irrespective of sex (Figures 34a and 34b). FKBP3 encodes a protein in the FKBP family
and their functions include acting as chaperones in protein folding and trafficking (Bonner
and Boulianne, 2017). FKBP3 interacts with mTOR and has been implicated in the progression

of non-small cell lung cancer (NSCLC) (Zhu et al., 2017). However, there are no studies

79



reporting SHTN1 or FKBP3 having a role in eEF1A2’s known functions or similar

neurodevelopmental pathologies.

Overall, the western blot validation found that 3 out of the 5 proteins identified by mass
spectrometry followed the same differential expression pattern. ZPR1 showed the opposite
pattern of expression in western blotting to mass spectrometry, with decreased expression
in E122K mutants (Figures 34c and 34d). However, confounding factors, such as high
background staining, should be taken into consideration, and the results of the mass

spectrometer were considered largely valid.
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Figure 32: eEF2 and phospho-eEF2 expression in mouse eEF1A25122K/E122K hrqin tissue. Sample
size (n) = 10 (5 male and 5 female). (a and b) show the western blot results and quantification
of eEF2 expression, which was significantly higher in mutant E122K samples compared to
wildtype (Wilcoxon test: W = 25, p-value = 0.01). (c and d) found no significant changes in
phospho-eEF2 expression compared to wildtype (Wilcoxon test: W = 16, p-value = 0.55).
Statistical significance: ns = non-significant, ” p < 0.01. Image: author’s own.
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Figure 33: Western blot validation of KIF5A and SHTN 1 expression in eEF1A2E122K/E122K
mouse brain tissue. (a and b) show the western blot results and quantification of KIF5A
expression, which was significantly lower eEF1A28122K/E122K mytant mouse brain tissue
compared to WT (Wilcoxon test: W = 2, p-value = 0.03). (c and d) show the western blot results
and quantification of SHTN1 expression, which was significantly higher in E122K mutants
(Wilcoxon test: W = 23, p-value = 0.03). Sample size (n) = 10 (5 male and 5 female). Statistical

significance: ns = non-significant, * p < 0.05. Image: author’s own.
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Figure 34: Western blot validation of FKBP3 and ZPR1 expression in mouse eEF1A2F122K/E122K
brain tissue. (a and b) show the western blot results and quantification of FKBP3 expression.
No differences in expression were found in eEF1A2E122K/E122K moyse brain tissue compared to
wildtype (Wilcoxon test: W = 8, p-value = 0.42). (c and d) western blot results and
quantification of ZPR1 expression show that expression was significantly higher in WT samples
compared to E122K homozygotes (Wilcoxon test: W = 1, p-value = 0.02). Sample size (n) = 10
(5 male and 5 female). Statistical significance: ns = non-significant, *p < 0.05. Image: author’s

own.
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Chapter 4: Discussion

4.1 Changes in the interactome could underlie differences in eEF1A2 mutants and tissue-
specificity

The mutations D252H and E122K have different relative expression levels in the heart,
muscle, and mouse brain suggestive of a tissue-specific interaction. It was also found in
HEK293 transfections, that eEF1A2 expression was 61.5% lower in E122K mutants compared
to 14.3% in D252H mutants, resembling the expression levels found in the E122K/E122K
muscle (skeletal and heart) and the D252H mouse brain, respectively. A total of 30 proteins
were significantly altered in the E122K.eEF1A2 interactome, whereas 35 proteins were
significantly altered D252H.eEF1A2 interactome. An interactome analysis comparing the
D252H.eEF1A2 and E122K.eEF1A2 interactomes found only four significantly altered
molecular partners of eEF1A2 in common that all function in the eEF1B-ValRS complex, which
as mentioned above, is a GEF for aa-tRNAs during translation elongation. The E122K.eEF1A2
interactome had many more significantly altered ribosomal proteins, which are essential for
efficient protein translation. As mentioned above, eEF1By binds to eEF1Ba. and eEF1Bf3, and
eEF1Bf forms a stable homotrimer Bondarchuk et al. (2022). Therefore, a defect in one of the
subunits could be destabilizing to the whole complex, affecting its function. Mutations in
eEF1Ba caused global developmental delay, epilepsy, and intellectual disability that could not
be rescued by eEF1Bf, suggesting that subunits of the complex cannot compensate for each
other (Bondarchuk et al., 2022; Larcher et al., 2020). This reflects the findings of the
interactome analysis in which all subunits of the eEF1B-ValRS were downregulated. An in vitro
assay measuring the rates of guanine nucleotide exchange on eEF1A isoforms revealed that
eEF1A2 isoform is more dependent on GDP/GTP exchange than eEF1A1, suggesting that the
eEF1B-ValRS complex is necessary for translation efficiency neurons, which express eEF1A2
(Trosiuk et al., 2016). Thus, translation efficiency is one of the major biological processes
affected in D252H.eEF1A2 and E122K.eEF1A2 mutants. These findings could be interesting to
compare to the interactomes of less severe mutants, such as E124K, to determine if proteins
encoding the eEF1B-ValRS complex are also affected and contributing to pathogenicity (Table
1).

83



Several studies have reported on eEF1A2’s non-canonical functions in regulating actin
dynamics. Interestingly, no proteins involved in pathways regulating actin dynamics, such as
RhoA, were not identified as significant in the interactome or E122K mutant mouse proteome
(Mendoza et al., 2021). However, proteins associated with actin dynamics, such as Shootinl
and MYL4, could indicate that either eEF1A2 interacts with actin indirectly or that actin

dynamics are not significantly affected by E122K (Table 1).

4.2 Does phenotype severity in mouse models correlate to an altered proteome?

A differential expression analysis was then conducted on the eEF1A2E122K/E12k mgyse brain to
identify changes in the brain proteome caused by E122K.eEF1A2. Human EEF1A2 and mouse
eEf1A2 are almost identical and only differ by one amino acid out of 463. The eEF1A28122K/E122K
mouse model has been extensively studied by Grant Marshall in his PhD thesis, which details
the E122K mutant mouse extensively, including the body weight, neuroscore, ambulation,
and grip strength. Homozygous E122K/E122K mice are postnatal lethal and reach humane
endpoints between P27 and P31 (Figure 35). The mouse brain samples used in this project
were between P28 and P30. As expected, this project found proteins involved in translation
elongation had significantly altered expression, but considering how pathogenic and severe
these mutations are, it is surprising that these results don’t show a higher fold change in
expression and/or more proteins altered by the mutation or skewing towards
downregulation. Some neurological defects, such as motor defects, appeared to be sex-
specific as male mice exhibited ambulation deficits at P10, whereas only female
heterozygotes showed increased righting latencies and negative geotaxis latencies at P8 and
P10, respectively. As previously mentioned, sex-specific differences in eEF1A2 expression in
muscle and brain tissue were also observed in E122K heterozygote and homozygous mouse
models, with no significant changes in eEF1A2 expression in female E122K heterozygotes and
male E122K heterozygotes exhibiting lower eEF1A2 expression relative to WT (Tables 8 and
9). Our comparative analysis of the female and male eEF1A2t122K/E122K hrain proteome also
found differences in overall differential protein expression, with females showing fewer
differentially expressed proteins. However, it is unknown whether sex-specific differences in

the mouse proteome could correlate to differences in phenotype severity.
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Figure 35: Comparing male and female body mass to heterozygous and homozygous E122K

mutants. The + symbol indicates statistical significance in E122K/E122K homozygotes

compared to wildtype (+/+). The asterisks (*) show statistical significance comparing body
mass in E122K/+ heterozygotes to wildtype (+/+). Figure taken from: (Marshall, 2022).
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4.3 Analysis of post-translational modifications (PTMs) in the mouse eEF1A2E122K/E122K jyrqin
proteome

As mentioned above, eEF1A2 has multiple sites of phosphorylation, which is an important
regulator of canonical and non-canonical functions of the eEF1 complex (Sasikumar et al.,
2012). Importantly, many of the predicted phosphosites are specific to eEF1A2 and not shared
with eEF1A1 (Mendoza et al., 2021; Soares and Abbott, 2013). The elongation factor, eEF2, is
also regulated by phosphorylation and was the most significantly upregulated protein
identified in the differential expression analysis. Therefore, a PTM analysis was conducted on
the software pipeline, DIA/NN, to identify any relevant PTMs that could alter protein function.
Once PTMs were identified by the pipeline, a statistical analysis was conducted to select the
statistically significant PTMs in differentially expressed proteins in the mouse eEF1A2E122K/E122K
brain. UNIMOD is a database of protein modifications for mass spectrometry, and PTMs were
identified by their assigned UNIMOD identifier (Creasy and Cottrell, 2004). The protein eEF2
was of particular interest as its phosphorylation via the EEF2/EEFK pathway has been
implicated in epilepsy. A study discovered that genetic and pharmacological inhibition of the
eEFK kinase ameliorated symptoms of epilepsy in a Scnla+/- mouse model of Dravet
syndrome. Similar to the pathology of mutated eEF1A2, Dravet syndrome is a childhood
disorder characterized by severe epilepsy, intellectual disability, and autism (Beretta et al.,
2022). Increased phosphorylation of eEF2 was found in Scnla +/- mice prior to genetic and
pharmacological manipulation, and the same was observed in other diseases, including
Alzheimer’s disease and Parkinson’s disease (Jan et al., 2018, 2017). Western blotting
identified the expression of phosphorylated eEF2 in the mouse eEF1A28122K/E122K hrain but the
PTM analysis results did not identify eEF2 phosphorylation. The majority of significant PTMs
identified in the differentially expressed proteins in the eEF1A28122K/E122Khrain proteome were
carbamidomethylation, a synthetic PTM attached to cysteine residues during sample
preparation to prevent side reactions that can affect the proteomic analysis results
(Kuznetsova et al., 2020). Moreover, the mouse brain tissue samples weren’t enriched for
phosphopeptides, so the analysis was considered more of a comparative analysis.
Phosphorylation is difficult to detect in mass spectrometry due to its low ionization efficiency
and abundance, which is further reduced after proteolytic digestion. Phosphopeptide

enrichment of samples prior to mass spectrometry analysis reduces the likelihood of loss of
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phosphorylation (Li et al., 2016; Steen et al., 2006). It is likely that some degree of
phosphorylation was lost during the preparation and analysis of samples by mass
spectrometry as phospho-eEF2 was detected in these mouse brain samples by western

blotting (Figures 32c and d).

4.4 Are western blotting and mass spectrometry effective research partners?

Western blotting is an effective and low-cost technique for detecting proteins in complex
samples of tissue and/or cells. However, the accuracy of protein detection largely depends
on antibody specificity. In this project, there were challenges in eEF1A2 antibody specificity
because both eEF1A isoforms are very similar structurally and at the amino acid level.
Moreover, the molecular weight of both isoforms is almost the same (~ 52 kDa), so it was
difficult to distinguish the isoforms on western blotting. However, the use of appropriate
controls, WT muscle in mice and wst/wst samples, in western blotting overcame the challenge
of distinguishing eEF1A isoforms. Another caveat found in western blotting during this project
was that some antibodies failed to detect proteins identified in mass spectrometry.
Antibodies for MOB1 and SUPT16H failed to detect its specific proteins for validation of the
mass spectrometry and co-immunoprecipitation experiments, respectively. Working positive
controls for the MOB1 antibody suggested the issue was that MOB1 has low abundance in
the mouse brain, therefore, western blotting may not have been sensitive enough to detect
MOB1. Additionally, a preliminary western blot for eEF2 showed no significant difference in
expression in western blotting; however, a 50% reduction in the amount of protein loaded
onto western blot gels showed the same expression pattern as the results of the mass
spectrometry (Figure 32a and b). This observation could be due to oversaturated secondary
antibody fluorescence due to high amounts of protein loaded that are outside the linear range
of dynamic detection. Due to time limitations, western blots weren’t repeated for FKBP3 and
ZPR1 to determine if the loaded protein in western blots were also likely outside the linear
range of detection (Figure 34). Western blotting could also have limited sensitivity, in
comparison to mass spectrometry, with small changes in protein expression not as easily
detectable on western blotting (Taylor et al., 2013). However, optimization of protein loading

and detection prior to analysis can reduce the occurrence of these caveats.
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A combination of co-immunoprecipitation and mass spectrometry were effective high-
throughput techniques for identifying molecular binding partners altered by E122K mutant
eEF1A2. Despite it being more expensive than western blotting, mass spectrometry is much
more sensitive at detecting proteins with low abundance in complex samples and can be more
informative about peptide structure and PTMs (Domon and Aebersold, 2006). Furthermore,
this approach vastly reduces the number of western blots needed for the same type of
analysis. However, a caveat of mass spectrometry is that less abundant PTMs, such as
phosphorylation, are difficult to detect and are easily degraded without prior enrichment of
samples, such as phosphopeptide enrichment (Kim et al., 2011). Future studies could focus
on PTMs in eEF1A2 and its binding partners by enriching samples prior to mass spectrometry
analysis followed by western blotting with antibodies specific for phosphorylated eEF1A2 to

validate the findings.

In this project, both the standard and robot co-immunoprecipitation experiments were
performed. The challenges of standard co-immunoprecipitation were antibody detection and
specificity, as multiple bands were detected for a specific protein and some blots failed to
detect the desired protein at all. Due to time limitations, the co-immunoprecipitation
experiments could not be repeated, but the approach was an effective and cheaper method
of validating the interactome analysis findings in the neuronal cell line, SH-SY5Y, as well as
other samples of HEK293T cells. These findings did not detect any differences across the SH-
SY5Y and HEK293T cell lines, suggesting both cell lines are appropriate models to study the

interactome of mutant eEF1A2, at least for ubiquitously expressed protein binding partners.
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4.5 Molecular pathways interconnect neurodevelopmental disorders and cancer

Neurodevelopmental disorders and cancer share common affected genes and have
converging molecular pathways (Nussinov et al., 2022a). It was reasoned that some molecular
binding partners of eEF1A2 could be associated with cancer as eEF1A2 was identified as an
oncogene which is overexpressed in ovarian cancer, resulting in increased cell proliferation
(Lee, 2003). Therefore, a disease enrichment analysis was conducted to determine which
significantly affected proteins in the E122K.eEF1A2 interactome were also associated with
cancer. Multiple proteins were found associated with a broad range of enriched cancers,
including oligodendrogliomas and gliosarcomas (Figure 36). Comparably, the differential
expression analysis of the mutant mouse brain proteomes found altered proteins involved in
chromatin remodelling, which is also associated with cancer (Figure 31) (Nussinov et al.,
2022b). Thus, future research and treatment of eEF1A2-related neurodevelopmental
disorders should arguably consider the link to cancer for potential drug repurposing.
Metarrestin was identified as a potential anti-cancer drug that targets metastasis by inhibiting
the perinucleolar compartment (PNC), a subcellular body located next to the nucleolus that
is detected in cancer cells. PNC prevalence in cancer cells and tissues correlate with disease
progression and inversely correlate with patient outcomes in cancers, such as breast cancer
(Frankowski et al., 2018; Kamath et al., 2005). A study found metarrestin binds to eEF1A2,
and a reduction of eEF1A2 disrupted PNC structure, which resembled metarrestin treated
human prostate cancer cells (PC3M) (Frankowski et al., 2018). However, a study assessing the
safety of metarrestin treatment in dogs revealed side effects, including behavioural changes,
ataxia, and seizure-like symptoms, which were suggested to be caused by eEF1A2 inhibition
(Bourdi et al., 2020). Nevertheless, analysis of the E122K.eEF1A2 interactome identified
multiple proteins that are also associated with cancer, which could be potential targets for

drug research.
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Figure 36: The E122K.eEF1A2 interactome is associated with cancer. A disease enrichment
analysis showed all the significantly altered proteins in the E122K.eEF1A2 interactome
associated with the 35 most enriched cancers. The adjusted p-value shows the significance
level of the protein clusters. Image is author’s own and was created on R studio using the DOSE

package.
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4.6 A hypothesis-generating approach to targeting complex neurodevelopmental disorders

Differentially expressed proteins in the mouse eEF1A28122K/E122K hrain proteome could be
potential biomarkers for mechanism-targeting research that aims to rescue or ameliorate
disease phenotypes in animal models of epilepsy and/or neurodevelopmental disorders
resembling eEF1A2-related disorders. For example, as mentioned above, in the Scnla +/-
mouse model of Dravet syndrome researchers pharmacologically and genetically
manipulated eEF2K, a regulator of eEF2, which ameliorated the disease phenotype (Beretta

et al., 2022). Therefore, eEF2 could be a potential biomarker for Dravet syndrome.

Mutations in cyclin-dependent-like kinase 5 (CDKL5) cause infantile epileptic
encephalopathies, and knockout (KO) Cdkl mouse models exhibit many of the same disease
symptoms, including deficits in learning, motor control, and sociability (Zhou et al., 2020). A
study found that Shootinl interacts with CDKL5 in a complex in yeast, and both act in the
same molecular pathway (Nawaz et al., 2016). Therefore, targeting Shootinl in Cdkl KO

mouse models could give more mechanistic insights into CDKL disorder.

TSPAN2 was one of the most downregulated proteins in the eEF1A28122K/E12Kk moyse brain and
had previously been found to be differentially expressed in the dentate granule cell layer in
the hippocampus of rat seizure models which is typically resistant to seizure-induced damage
(Borges et al., 2007). The aim of the study was to identify the mechanisms of neuroprotective
effects in preconditioned seizures against status epilepticus damage. Therefore, TSPAN2
could be a potential biomarker for epilepsy, but further studies would be required to ensure
that the findings were a neuroprotective effect and not just the result of preconditioning.
Alternatively, TSPAN2 could be a marker for assessing correction of the E122K phenotype in

animal models.

Therefore, the significantly differentially expressed proteins found in the eEF1A2E122K/E122K
mouse brain could be considered a hypothesis-generating approach to identifying potential

biomarkers for other complex neurodevelopmental disorders.
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Chapter 5: Conclusion

This project aimed to improve current understanding of how mutations affect eEF1A2
function by implementing a hypothesis-generating approach using high-throughput
proteomics experiments and bioinformatics. An interactome analysis was performed to
identify altered eEF1A2 binding proteins resulting from the E122K mutation. Some of most
significantly altered proteins were subunits of the eEF1B-ValRS complex, a GEF that facilitates
the GTP-dependent delivery of aa-tRNAs during translation elongation. A comparative
analysis of mutant eEF1A2 interactomes revealed the eEF1B-ValRS complex was also
significantly downregulated in the D252H.eEF1A2 interactome. Mutations in eEF1A2 were
suggested to cause a conformational change in eEF1A2 that affects its ability to bind to
molecular binding partners (Carvill et al., 2020; Davies et al., 2020). Therefore, we can infer
that E122K most likely induces a conformational change in eEF1A2, causing altered binding to

molecular partners.

GO and STRING analyses categorised significantly altered proteins into their enriched
biological pathways and predicted functional associations, respectively, as a strategy for
grouping altered eEF1A2 molecular partners by common functions and biological pathways.
Multiple ribosomal subunits that form the 80S ribosome were found altered in the
E122K.eEF1A2 interactome, and translation elongation was one of the most enriched
biological pathways, suggesting multiple proteins involved in protein translation regulation
and quality control are altered in the E122K.eEF1A2 interactome and likely reduce translation
efficiency. Comparing the interactome of eEF1A2 affected by different missense mutations
could highlight common molecular pathways that could be manipulated in future
experiments and give insight into why there is such a broad range of disease severity across
different mutations and/or identify proteins that ameliorate the mutant phenotype in animal
models. However, applying the same proteomics techniques of AP-MS might prove
challenging for mutations, such as P333L, which were shown to be unstable in western blot
analyses of E122K.eEF1A2 HEK293T transfections. A caveat of AP-MS is that unstable proteins
are less likely to maintain protein—protein interactions resistant to the lysis and purification

conditions, which are necessary for AP-MS protein detection (Gingras et al., 2007).
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This project found D252H and E122K mutant eEF1A2 expression levels in mouse heart tissue
resembled those found in mutant mouse muscle. HEK293T transfections of D252H, P333L,
and E122K eEF1A2 constructs found significantly decreased expression in mutants relative to
WT, suggesting mutation may alter eEF1A2 stability. Mutant eEF1A2 expression in HEK293T
cells didn’t resemble the expression levels found across different mouse tissues, validating
previous findings suggesting a tissue-specific interaction across different mutations in

eEF1A2.

A differential expression analysis of the eEF1A2E122K/E122K mgyse brain proteome revealed
proteins involved in translation elongation were downregulated that suggested altered
regulation of translation. Other altered proteins were linked to other neurodevelopmental
disorders and cancer, which may prove advantageous for future research targeting of eEF1A2-
causing neurodevelopmental disorders in animal models. Alternatively, the differential
expression analysis results could be potential biomarkers for future studies targeting the
affected phenotype in mutant eEF1A2 animal models. Some of the limitations of this project
included antibody specificity and detection in western blotting validation experiments that
required several rounds of optimization but were limited by time constraints. The GO analysis
results could be another potential limitation as several identified enriched pathways are
localized in the nucleus and eEF1A2 is a cytosolic protein. Therefore, future experiments are

required to validate these findings.

Overall, this project provides avenues for further research in examining the role of eEF1A2

mutations, how they affect its function, and cause neurodevelopmental disorders.
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