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Abstract 

 

The molecular mechanisms underlying the progression and the development of the 

neurodegenerative disease: Charcot-Marie-Tooth (CMT), and C9Orf72-mediated 

amyotrophic lateral sclerosis (ALS), is still not fully understood. CMT is a prevalent (1:2500) 

inherited disease, though the term describes a number of disorders with a plethora of 

different genetic causes, though all of which lead to motor and sensory neuronal defects. In 

this study we focused on CMT2, the axonal dystrophy form which shows a phenotype of 

length-dependant, distal axonal degeneration. Proteins involved in this form of CMT are the 

aminoacyl-tRNA-synthetases (aaRS), though why mutations in ubiquitously expressed 

enzymes such as the aaRSs cause defects specifically in motor and sensory neurons, is not 

understood, and proposed hypotheses to-date do not fully capture a unified mechanism 

among all the different CMT-relevant mutations of aaRSs that have been found in patients. 

Repeat expansions in the C9Orf72 gene are a frequent cause for the development of the 

devastating neurodegenerative disease, ALS. These repeat-expansions cause production of 

cytotoxic di-peptide repeat proteins (DPRs) as the ribosomes translate the expansion regions. 

Evidence suggests that the ribosome frameshifts on this repeat-region, causing production of 

a variety of different DPRs, which lead to a variety of toxic effects inside the cell. The cause of 

this frameshifting is still unclear, and while a number of possible reasons are proposed, it still 

lacks a fully explored mechanism. Therefore, in this study then we aim to explore the 

molecular mechanisms causing these diseases.  

The most studied cause of CMT2 are mutations of the glycyl-tRNA-synthetase (GARS), with 

variants of the protein leading to a wide range of clinical outcomes, such as disease onset as 

early as a few years, to the second or third decade in life, with severity in symptoms as well. 

So far, a single explanation capturing how these wide-ranging effects can bring out the same 

disorder, has been elusive. Here, we show that tested GARS variants have a 50% increased 

affinity to its cognate tRNAGly, and in an in vitro study, showed that the mutant variants show 

a slow release of the tRNA. Ribosome profiling analysis of miceC201R/+ spinal cord samples, 

showed a 40% increased ribosomal dwelling time at Gly codons. This indicates a possible 

‘sequestration’ effect by the mutant GARS, wherein cognate tRNA is held for a longer than 

usual time, possibly leading to translational slowdown. This effect was also shown for CMT-
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relevant YARS variants in Drosophila models. In cultured neuronal cells transfected with CMT-

GARS variants, a length-dependant translational decrease was seen, with distal areas of the 

cell showing less relative translation, with some mutants having a ~50% decreased translation 

as compared to wild type, at a distance of 170µm away from the somata. Transfecting the cell 

with equimolar concentrations of tRNAGly alleviated the translational slowdowns at the distal 

end. Taken together, then, mutant-GARS shows a higher affinity to its cognate tRNA, which 

depletes the available pool of tRNA in the cell leading to translation defects. This is potential 

aberrant translational rate is felt more strongly in the distal areas of the cell, linking a 

molecular mechanism of this protein to the clinical progression.  

Alternate start codons that are implicated in the non-canonical translation in the C9Orf72 

gene, were used in a construct in cell culture, followed by a ribosome profiling experiment to 

determine frameshifting under conditions of excess pre-initiation complexes, and stalled 

initiation. While the work carried out here for C9-ALS was unfortunately limited in its scope, 

a number of interesting facts can be seen. The addition of Met-tRNAiMet to the cell is followed 

by an increased clustering of initiation complexes upstream of the start codon. In the ‘CUG 

+tRNA’ sample, frameshift analysis also shows a shift to the +1 frame, when compared to the 

transcriptome. However, lack of read-depth, possibly due to inefficient initiation at the non-

canonical start codons, leaves the data inconclusive, though indicative of further work needed 

to fully investigate this effect.  
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Zusammenfassung 

 

Die molekularen Mechanismen welche dem Fortschreiten und der Entwicklung der 

neurodegenerativen Krankheiten Charcot-Marie-Tooth (CMT) und C9Orf72-vermittelte 

amyotrophe Lateralsklerose (ALS) zugrunde liegen, sind noch immer nicht vollständig 

verstanden. CMT ist eine häufige auftretende Erbkrankheit (1:2500).  Der Begriff beschreibt 

eine Reihe von Störungen mit einer Fülle unterschiedlicher genetischer Ursachen, welche 

jedoch alle zu motorischen und sensorischen neuronalen Defekten führen. In dieser Studie 

konzentrierten wir uns auf CMT2, die Form der axonalen Dystrophie die einen Phänotyp der 

längenabhängigen distalen axonalen Degeneration zeigt. Bei den an dieser Form der CMT 

beteiligten Proteinen handelt es sich um die Aminoacyl-tRNA-Synthetasen (aaRS). Warum 

jedoch Mutationen in ubiquitär exprimierten Enzymen wie den aaRSs Defekte speziell in 

motorischen und sensorischen Neuronen verursachen ist nicht geklärt. Die bisher 

vorgeschlagenen Hypothesen erfassen nicht vollständig einen einheitlichen Mechanismus der 

verschiedenen CMT-relevanten aaRS Mutationen, welche bei Patienten gefunden wurden. 

Repeat-Expansionen im C9Orf72-Gen sind eine häufige Ursache für die Entwicklung der 

verheerenden neurodegenerativen Krankheit ALS. Diese Repeat-Expansionen verursachen 

die Produktion von zytotoxischen Di-Peptid-Repeat-Proteinen (DPR), wenn die ribosomen die 

Expansionsregionen translatieren. Es gibt Hinweise darauf, dass das Ribosom an dieser 

Repeat-Region einem Frameshifting unterliegt, was zur Produktion einer Vielzahl 

verschiedener DPRs führt welche eine Reihe von toxischen Wirkungen innerhalb der Zelle 

hervorrufen. Die Ursache für dieses Frameshifting ist noch unklar, und obwohl eine Reihe 

möglicher Gründe vorgeschlagen werden ist der Mechanismus noch nicht vollständig 

erforscht. In dieser Studie wollen wir daher die molekularen Mechanismen erforschen, 

welche diese Krankheiten verursachen.  

Die am besten untersuchte Ursache von CMT2 sind Mutationen der Glycyl-tRNA-Synthetase 

(GARS), wobei Varianten des Proteins zu einem breiten Spektrum von klinischen Ergebnissen 

führen z. B. Ausbruch der Krankheit bereits im Alter von wenigen Jahren bis zum zweiten oder 

dritten Lebensjahrzehnt, als auch  Symptome die unterschiedlich stark ausgeprägt sind. 

Bislang gab es keine einheitliche Erklärung dafür, wie diese weitreichenden Auswirkungen zu 

ein und derselben Erkrankung führen können. Hier zeigen wir, dass die getesteten GARS-
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Varianten eine um 50 % erhöhte Affinität zu ihrem kognitiven tRNAGly haben, und in einer in-

vitro-Studie konnten wir zeigen, dass die mutierten Varianten eine langsame Freisetzung der 

tRNA aufweisen. Ribosome profiling-Analysen von Mäusen mit C201R/+ Rückenmarksproben 

zeigten eine um 40 % erhöhte ribosomale Verweildauer an Gly-Codons. Dies deutet auf einen 

möglichen "Sequestrations"-Effekt durch die GARS-Mutante hin, bei dem die kognitive tRNA 

länger als üblich festgehalten wird, was möglicherweise zu einer Verlangsamung der 

Translation führt. Dieser Effekt wurde auch für CMT-relevante YARS-Varianten in Drosophila-

Modellen gezeigt. In kultivierten neuronalen Zellen, welche mit CMT-GARS-Varianten 

transfiziert wurden, wurde ein längenabhängiger Rückgang der Translation beobachtet. 

Hierbei weisen die distalen Bereiche der Zelle eine geringere relative Translation auf, bei 

einige Mutanten im Vergleich zum Wildtyp eine bis zu ~50% verringerte Translation, und zwar 

in einer Entfernung von 170µm von den Somata. Die Transfektion der Zelle mit äquimolaren 

Konzentrationen von tRNAGly milderte die Translationsverlangsamung am distalen Ende. 

Insgesamt zeigt die Mutanten-GARS also eine höhere Affinität zu ihrer kognitiven tRNA, 

wodurch der verfügbare tRNA-Pool in der Zelle erschöpft wird, was zu Translationsdefekten 

führt. Diese potenziell abweichende Translationsrate macht sich in den distalen Bereichen der 

Zelle stärker bemerkbar, was einen molekularen Mechanismus dieses Proteins mit dem 

klinischen Verlauf in Verbindung bringt.  

Alternative Startcodons, die für die nicht-kanonische Translation im C9Orf72-Gen 

verantwortlich sind, wurden in einem Konstrukt in Zellkultur verwendet, gefolgt von einem 

ribosomalen Sequenzierungsexperiment, um Frameshifting unter Bedingungen eines 

Überschusses an Prä-Initiationskomplexen und einer blockierten Initiation zu bestimmen. 

Obwohl die hier durchgeführten Arbeiten für C9-ALS in ihrem Umfang leider begrenzt waren 

lassen sich doch eine Reihe interessanter Fakten feststellen. Nach der Zugabe von Met-

tRNAiMet in die Zelle kommt es zu einer verstärkten Anhäufung von Initiationskomplexen vor 

dem Startcodon. In der 'CUG +tRNA'-Probe zeigt die Frameshift-Analyse im Vergleich zum 

Transkriptom ebenfalls eine Verschiebung zum +1-Frame. Aufgrund der mangelnden 

Lesetiefe, die möglicherweise auf eine ineffiziente Initiation an den nicht-kanonischen 

Startcodons zurückzuführen ist sind die Daten jedoch nicht schlüssig, obwohl sie auf weitere 

Arbeiten zur vollständigen Untersuchung dieses Effekts hinweisen.  
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1 - Introduction 

 

Translation in eukaryotes is a strictly regulated process in which mRNA molecules - which are 

initially transcribed from the DNA sequences on the chromosomes in the nucleus and 

transported into the cytoplasm - are decoded into peptide chains by a ribosome [1]–[3]. The 

ribosome scans along the mRNA molecule, reading the mRNA three nucleotides at a time [4], 

or a codon, and from this generates a peptide chain, the sequence of which is determined by 

the mRNA sequence. At every step of this process there are myriad factors involved, and many 

different types of regulatory processes that ensure efficient and correct translation of mRNA 

molecules into their coded protein [5]. A critical component of this entire process is the tRNA, 

the molecule that brings the amino acid - the singular component of peptide chains - to the 

ribosomes to be added to the growing peptide chain [6]. The tRNA thus forms a key link 

between the genetic code and the proteome which carries out the functions as detailed by 

their corresponding genes. Disruptions then of the tRNA; either their availability, ability to 

carry their cognate tRNA, or processing, can lead to translational defects inside the cell and 

has links to many diseases which can arise in humans [7]. Translation of the mRNA by the 

ribosome can be thought of as two distinct phases: initiation and elongation. The first being 

the stage of ribosomal binding to the mRNA where it scans along the molecule until reaching 

the start codon - an AUG nucleotide sequence on the mRNA that signals the ribosome to begin 

elongation. At this stage, the ribosome recruits more factors, and the synthesis of the peptide 

chain can begin. The ribosome moves down the mRNA codon by codon, elongating the 

peptide chain as it goes, until reaching a stop codon, wherein translation is terminated and 

the ribosome is dissociated from the mRNA and the peptide released. 

 

1.1 - Initiation and elongation phases in translation 

A number of factors are involved in the accurate and correct formation of the pre-initiation 

complex (PiC) and scanning fidelity along the mRNA. These include: eIF1, eIF1a, eIF2, eIF3, 

eIF4F complex, eIF5, eIF5B, and the Poly(A)-binding protein [8]. Initiation is first preceded by 

the formation of the Ternary complex(TC), wherein the initiation factor eIF2-GTP, binds to the 

initiator tRNAiMet, and forms a complex with the small ribosomal 40S subunit [9]. This process 

is facilitated by eIF1 & eIF1a [10] and together with eIF3 and eIF5, forms the 43S complex [11]. 
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The eIF4F complex and eIF3 mediate the loading of 43S onto the 5’-methyl cap of mRNA [12], 

[13], completing the 48S pre-initiation complex formation. After mRNA loading, the PiC 

investigates every nucleotide in a 5’ to 3’ direction along the mRNA [14], during which the 

GTP bound to eIF2 becomes hydrolysed, but remains in the PiC, and free Pi is not allowed to 

leave [11]. The scanning mechanism of the PiC, while still not fully understood, requires a very 

specific conformation and spatial structure of all of the different initiation factors involved to 

effectively allow for the scanning process to occur, and also to allow for the transition from 

initiation to elongation, once the PiC has reached an AUG start codon. For example, the 

initiation factor eIF4A, an RNA helicase [15], is positioned downstream of the PiC to help 

unwind mRNA before it encounters the ribosome. eIF4G is positioned upstream of the 

ribosome, and interacts with the mRNA and also eIF4a, effectively scaffolding the PiC together 

during scanning [16]. Once the AUG start codon is reached, the tRNAiMet moves to fully 

accommodate into the P site, triggering rearrangement of eIF1 and release of free Pi [11] 

causing commitment of the 48S ribosome to transition from initiation to elongation. eIF5B 

mediates the dissociation from the PiC of eIF1, eIF1a, and eIF2-GDP, and recruits the 60S 

subunit [15], [17]. 

 

The first AUG encountered is generally favoured along the sequence, but context around the 

start codon is vital for correct conformational changes needed to trigger correct AUG 

recognition. Kozak sequences such as: (A/G)CCaugG, which critically feature a purine in 

position -3 and a guanine in position +4, relative to the start codon, interact with specific 

residues on the ribosome and stabilise the mRNA-ribosome interactions [8], [18]. Now, with 

the ribosome properly situated at an AUG start codon, with the tRNAiMet base-paired to the 

mRNA in the P site, and the 60S subunit joining, the translation competent 80S ribosome is 

now fully formed and can carry on to the elongation phase. Peptide synthesis is carried out 

during the elongation phase of translation, in which the fully assembled, translationally-

competent 80S ribosome [19], moves along the mRNA molecule, one codon at a time, 

decoding the sequence as it moves with the aid of aminoacyl-tRNA(aa-tRNA) which carries an 

amino acid corresponding to the specific anticodon on the tRNA [20]. The amino acid from 

the tRNA is incorporated onto the C-terminal end of the growing peptide nascent chain that 

extends from the peptidyl-transfer centre(PTC) of the ribosome, and out of the exit tunnel 

which spans the length of the larger 60S ribosome subunit [21], [22]. 
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Figure 1.1 – The eukaryotic initiation pathway.  

The 43S is initially formed from the TC, eIF1, 1a, 3 and 5. The mRNA is ‘activated’ by PABP, and 

eIF4F complex and is loaded onto the 43S at the 5’-cap end. The PiC then scans along the 

mRNA, triggering hydrolysis but retention of free Pi until the AUG codon is recognised. eIF1 is 

rearranged, and eIF2-GDP and Pi is released mediated by eIF5B. eIF5B also aids 60S subunit 

joining and formation of the translationally competent 80S subunit. eIF2-GDP is recycled by 

eIF2B into eIF2-GTP, allowing new TC to form. Figure taken from: [8]. 
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The tRNA is then released from the E site of the ribosome - one of the three sites in the 

ribosome [23] - as it continues on to the next codon, commencing decoding of the rest of the 

coding-sequence. Canonical elongation is terminated once the ribosome reaches a stop 

codon – three codons with the sequence: UGA, UAA, UAG [24]. The 80S ribosome is then 

disassembled and can be utilised again in another round of initiation and elongation [25]. 

At the beginning of the elongation phase of translation, the 80S ribosome has an empty A site 

as the Met-tRNAiMet is positioned and bound to the start codon in the P site [26]. The A site is 

the entry site for aa-tRNA and the site for the initial base-pair recognition between the tRNA 

and its cognate codon sequence on the mRNA molecule that is strung through the core of the 

ribosome [6], [27]. The 18s rRNA ensures accurate incorporation of the correct aa-tRNA for 

the codon in the A site, by inspecting the correct geometry of the codon-anticodon helix, 

carried out by the bases A1824, A1825, and G626 on the rRNA. These bases stabilise the aa-

tRNA in the A site on correct Watson-Crick base pairing in the 1+ and 2+ position [28], while 

providing tolerance on the 3+ position – the ‘wobble’ base [29]. The tRNA itself is escorted to 

the A site as a ternary complex (eEF1A(GTP)-aa-tRNA) with the elongation factor, eEF1a1 [30] 

or eEF1a2 in neuronal cells [31], and GTP. Upon binding to the ribosome and A site entry, the 

tRNA undergoes a conformational change, positioning the anticodon to interact with the 

mRNA and the acceptor end bound to eEF1A [32]. The eEF1A can then dock on the GTPase 

activating centre on the 60S subunit, triggering GTP hydrolysis by eEF1a [30], [33], [34]. 

Hydrolysis of GTP and release of aa-tRNA from the ternary complex, allows entry of the 

aminoacylated 3’CCA tail of the tRNA into the PTC, causing peptide bond formation between 

the nascent chain polypeptide and the amino acid on the A-site tRNA, swapping the bond 

from the P-site tRNA [34] [35].   This pre-translocation state of the ribosome, where a tRNA is 

bound in the A site and a deacetylated-tRNA in the P site is swiftly moved into the post-

translocation state by the activity of the GTPase, eEF2. This elongation factor induces a 

‘ratcheting’ motion on the ribosome, with the small subunit in a different orientation to the 

large subunit [36]. This is followed by another conformational change causes a ‘swivelling’ of 

the small subunit, moving the anticodon ends of the tRNA into the E and P sites, leaving the 

A site empty to receive another aa-tRNA [37], [38] and allowing the tRNA in the E site to be 

recycled for further translation. 
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Figure 1.2 – The complete eukaryotic elongation cycle on the ribosome.  

eEF1-GTP brings aminoacyl-tRNA to the ribosome where it is accommodated into the A site of 

the ribosome. The A-site tRNA forms a peptide bond with the nascent peptide in the exit 

tunnel, leaving the P-site tRNA unacylated. The ribosome moves one codon downstream, 

aided by eEF2, shifting the tRNAs from A>P and P>E. The empty A site is now ready to 

accommodate another tRNA. Figure taken from: [39]. 

 

This repeated cycle continues across the entire coding sequence on the mRNA, moving a 

codon each time, and elongating the nascent polypeptide with every addition. Eventually the 

ribosome will encounter a termination or ‘stop’ codon, donated by the codons: UGA, UAG, 

and UAA. The stop codons in the A site is recognised by the release factor, eRF1 [24] 

accommodating into the A site of the ribosome, extending its GGQ motif [40] into the PTC of 

the ribosome and triggering hydrolysis of the peptidyl-tRNA bond [41]. The subunits can then 

be dissociated by release factors to be used again in translation, and the completed 

polypeptide can be released from the ribosome [42]. 
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1.2 - How tRNA abundance and prevalence of codons affects translational speeds 

tRNA is a vital molecule in the translation process then, and forms a critical bridge between 

the genetic code and its expression in the form of proteins. Therefore, the regulation, 

expression, and maintenance of tRNA can be a critical determining factor in how fast or slow, 

or how error-free the elongation process is [43], [44].  In fact, avoiding Ribosomal slowdowns 

during elongation is a necessity for the cell, as chronic slowdowns can lead to Ribosomal 

stalling, or even collisions [45], which forces the cell to undergo an energy expensive pathway 

to clear and recycle the ribosomes [46], [47] and inevitably leads to a decreasing amount of 

protein expression of the stall-inducing transcript. As tRNA plays a pivotal role in the rate of 

elongation, since the ribosome cannot continue to translocate without an occupied A site, the 

supply of aa-tRNA needs to meet the demand of the individual codons that make up the 

coding sequences. 

 

Table 1.1 – Codon usage bias in humans.  

Amino acid corresponding to the respective codon is indicated. Numbers are frequency of 

codon per one thousand. Data obtained from Codon usage database: [48]. 

 

Phe UUU 17.6  Ser UCU 15.2  Tyr UAU 12.2  Cys UGU 10.6 

Phe UUC 20.3  Ser UCC 17.7  Tyr UAC 15.3  Cys UGC 12.6 

Leu UUA 7.7  Ser UCA 12.2  Stop UAA 1  Stop UGA 1.6 

Leu UUG 12.9  Ser UCG 4.4  Stop UAG 0.8  Trp UGG 13.2 

Leu CUU 13.2  Pro CCU 17.5  His CAU 10.9  Arg CGU 4.5 

Leu CUC 19.6  Pro CCC 19.8  His CAC 15.1  Arg CGC 10.4 

Leu CUA 7.2  Pro CCA 16.9  Gln CAA 12.3  Arg CGA 6.2 

Leu CUG 39.6  Pro CCG 6.9  Gln CAG 34.2  Arg CGG 11.4 

Ile AUU 16  Thr ACU 13.1  Asn AAU 17  Ser AGU 12.1 

Ile AUC 20.8  Thr ACC 18.9  Asn AAC 19.1  Ser AGC 19.5 

Ile AUA 7.5  Thr ACA 15.1  Lys AAA 24.4  Arg AGA 12.2 

Met AUG 22  Thr ACG 6.1  Lys AAG 31.9  Arg AGG 12 

Val GUU 11  Ala GCU 18.4  Asp GAU 21.8  Gly GGU 10.8 

Val GUC 14.5  Ala GCC 27.7  Asp GAC 25.1  Gly GGC 22.2 

Val GUA 7.1  Ala GCA 15.8  Glu GAA 29  Gly GGA 16.5 

Val GUG 28.1  Ala GCG 7.4  Glu GAG 39.6  Gly GGG 16.5 

 

 

As can be seen in table 1.1, due to the degeneracy of the genetic code, each codon, even 

though coding for the same amino acid, has an individual usage, or put simply, a specific 
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prevalence in the coding sequence, a ‘codon usage bias’. Generally, codons with a stronger 

bias across the genome correlates with higher amounts of available tRNA, as would be logical 

as they would impose a higher translational burden on the cell which needs to be met [44]. 

In practical terms, this means that highly expressed proteins will have greater numbers of 

codons with higher usage biases, as it can make use of the larger available tRNA pool to meet 

the need for more of the protein to be synthesised. One way to help meet this demand for 

some codons is to increase the gene number [49] and allow for multiple isodecoders to 

express (tRNAs with the same anticodon but a different tRNA body), increasing the available 

tRNA pool [50]. Another is to allow for a wobble base position [51], allowing for tRNAs to 

decode multiple different codons, such as with the tRNAGly-TCC/ACC wobble. However, 

Ribosomal elongation speed itself is a controlled process, with an evolutionary pressure to 

ensure distinct translational rates at different points on the mRNA [52]. Slow or fast patches 

of translation on certain stretches of transcripts are necessary for the correct folding of the 

nascent chain [53], as the peptide chain can be given enough time to properly fold into its 

secondary and tertiary structures that give proteins their function [54]. Thus, tRNA abundance 

and prevalence of specific codons across the coding sequence are inextricably linked to the 

generation of the correct translatome of the cell, and any perturbations in abundance or 

processing of tRNA could potentially lead to widespread dysfunctions of the cell. 

 

1.3 - tRNA aminoacylation and charging fidelity 

For tRNA to carry out their role in translation, they first need to be loaded with an amino acid 

so as to deliver it to the ribosome during each elongation cycle. This process, called charging, 

is carried out by a ubiquitously expressed group of tRNA-ligase enzymes, also named as 

aminoacyl-tRNA synthetases (aaRS) [20]. These enzymes – which can be broadly classified as 

either Class 1 or Class 2 aaRS [55]–[57]  - specifically charge each tRNA species with their 

cognate amino acid. For example, Glycyl-tRNA synthetase (GARS) will only charge tRNAGly with 

the amino acid glycine (Gly). This process is done by forming an ester bond between the amino 

acid and the adenine nucleotide on the 3’ end of the CCA-tail of the tRNA in the catalytic site 

of the aaRS [58]. The reaction has two steps: first, the amino acid needs to be ‘activated’, 

where a nucleophilic attack is carried out on the C-terminal end of the amino acid of the a-

carboxylate oxygen to the a-phosphate group on an ATP molecule, generating an activated 
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aminoacyl-adenylate(aa-AMP) molecule bound to the catalytic site of the aaRS. The aaRS can 

then transfer the amino acid to the adenine on the CCA tail of the tRNA – the 2’-OH group (or 

3’, depending on the aaRS [59]) attacks the carbonyl carbon of the adenylate, which releases 

the bound AMP molecule, and forms a bond between the amino acid and the nucleotide 

(figure 1.3) [20]. The charged aa-tRNA can now bind to eEF1a and will be transported to the 

ribosome to take part in translation. 

 

 

 

Figure 1.3 – Aminoacylation reaction on the CCA tail of the tRNA with a Class I aaRS, 

transferring the amino acid to the 2’OH group on the tRNA.  

In (A) the amino acid (blue) is activated with ATP (red), releasing the free phosphates and 

forming aa-AMP. (B) The activated aa-AMP is transferred to the tRNA(green), releasing AMP. 

Figure taken from: [20]. 

 

 

 

A 

B 
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The fidelity of this process must be strictly regulated and controlled. If the aaRS charges tRNAs 

with the incorrect amino acid, this will ultimately be incorporated into a growing peptide, 

which may lead misfolded and toxic proteins being produced by the cell, and lead to a 

decoupling of the codon sequence to the sequence of the peptide chain. To prevent this, the 

synthetases have mechanisms in place to distinguish both their cognate tRNA and also the 

amino acid [60], [61]. Failing this, some synthetases also contain editing mechanisms that 

error-checks for the correct tRNA-amino acid pairing and can hydrolyse the bonds between 

the pair to prevent the incorrect tRNA being used in translation [62]. Each synthetase carries 

out these processes in slightly different manners, mostly due to the nature of their cognate 

amino acid or tRNA. For discrimination of cognate tRNA, each species of tRNA has differences 

in their sequence, which the synthetases can utilise to identify the correct one. The first step 

of aaRS-tRNA bonding is driven mostly by unspecific, electrostatic interactions between 

phosphate backbone on the tRNA and peptides on the protein [63]. However, once the 

synthetase is in close proximity to the tRNA, it will try to bond more tightly, forcing a 

conformational change on the tRNA, allowing accommodation of the CCA-tail into its catalytic 

site. This process is lead more by identity elements on the tRNA, such as bases 35, 36, and 37 

on the anticodon stem loop on the tRNA, which seems to be common among almost all aaRS 

[64]. As each tRNA species will have a different anticodon corresponding to the codon it needs 

to decode at the ribosome, the anticodon loop is a useful identity element to readily 

discriminate from the majority of the tRNA species. Though more specific, synthetase-specific 

elements also exist: For example, the well-known G3-U70 base pairing on a tRNA marks it for 

charging with AARS, which in fact is so well conserved that mutating other tRNAs to harbour 

the G3-U70 base-pairing will also mark it for charging with alanine [60], [65] regardless of 

anticodon identity. tRNAs also contain a discriminator base in the position directly 5’ to the 

CCA tail (NCCA). All tRNAs of the same family in an individual organism will have the same 

discriminator base, for example all human tRNASer will be: 5’GCCA’3 [66], and shows another 

filtering mechanism for the aaRSs. The base itself is used in aiding tRNA-aaRS binding, such as 

with the G73 discriminator in tRNAAsp where it hydrogen bonds with residues on the 

synthetase [67]. 
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Figure 1.4 – Distinct recognition methods for different aaRSs. 

Catalytic sites of (A) the GARS, (B) FARS (Phenylalanyl-tRNA-synthetase), and (C) TARS  

(Threonyl-tRNA-synthetase). Amino acid is shown in the catalytic site, along with the specific 

residues or ions that are important for amino acid recognition in their respective catalytic sites. 

Figure for FARS taken from: [68]. Images for GARS and TARS made using Pymol with data from 

PDB entries: GARS - 4QEI [69], and TARS - 1QF6 [70].  

 

Amino acids are smaller molecules and often with similar physiochemical properties, making 

discrimination by the aaRS more difficult. There are three main types of strategies that are 

employed to discriminate for the cognate amino acid: charge exclusion, size exclusion, and 

metal ion aided exclusion. All of which are employed specifically by each aaRS to 

independently discriminate only its cognate amino acid. For example, in the negatively 

charged binding pocket of the GARS, two residues, Ser524 and Glu521, extend their 

sidechains into the open space, which interact and stabilise specifically Gly due to its neutral 

state and small size. This prevents non-cognate alanine binding, an amino acid with a 

hydrophobic sidechain, but of similar size to Gly (figure 1.4a) [71].  Metal ions, such as Zinc, 

imbedded into the active site of TARS aid the enzyme in discriminating against valine 

incorporation into the active site [61]. Another example is FARS, where the structure of the 

binding pocket specifically allows only the distinctly structured Phe to enter and bind [68]. 

Though this does lead to problems in the enzyme as Tyr has a very similar shape and size to 

Phe. A conserved Ala residue in the pocket helps to reduce Tyr binding, but misincorporation 

for FARS can still be high [72]. 

 

Despite the enzymes attempts to recognise and only bind their cognate amino acid and tRNA, 

misbinding can happen. For enzymes that seem particularly susceptible to this, a ‘proof-

A B C 
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reading’ step before the aa-tRNA can be released is carried out which can edit the mischarged 

tRNA. FARS is demonstrative of this need since the FARS can still successfully activate Tyr if it 

is incorporated into the active site which can lead to mischarging of Tyr-tRNAPhe [73]. 

 

 

 

Figure 1.5 – Editing pathways possible by the aaRSs.  

There are two distinct pathways the enzymes can take: pre or post-transfer editing. In Pre-

transfer the aa-AMP bond is the main target, which can undergo hydrolysis at different steps 

before it has been added onto the tRNA. tRNA is not generally required for this step, though 

some aaRS such as LARS require tRNA binding [74]. Post-transfer editing targets the ester 

bond between the aa-tRNA and involves a secondary domain in the aaRS to ‘proof read’ the 

charged tRNA. In some organisms, trans-editing factor proteins act as an additional barrier 

before the mischarged aa-tRNA can enter translation [20], [75]. Figure taken from: [20].  

 

While not all aaRS carry out this editing ability, it has been described in: Valine synthetase 

(YARS), phenylalanine synthetase (FARS), leucine synthetase (LARS), methione synthetase 

(MARS), threonine synthetase (TARS), alanine synthetase (AARS), proline synthetase (PARS), 

lycine synthetase (KARS), and serine synthetase (SARS) [73]. This is done either in a 
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pretransfer editing by hydrolysis of misactivated amino acids, or post-transfer editing by 

hydrolysis of the ester bond on misacylated tRNA [76], [77]. Proofreading aaRS contain a 

separate active site away from the aminoacylation centre, and in post-transfer editing, 

conformational rearrangements move the misacylated tRNA into this site which can be as far 

as 40 Å away [78]. This extra step ensures a more accurate delivery of the correct amino acid 

to the ribosome, ensuring fidelity of the translation of the genetic code. 

 

1.4 - Structure of neuronal cells 

The nervous system in humans is made up of neuronal cells; a cell capable of passing along 

an electrical ‘action potential’ down their membrane, which can elicit specific physiological 

responses dependant on the stimuli [79]. There are three main neuronal cell types: Sensory 

neurons (SN), Motor neurons (MNs), and Interneurons (INs). Generally, a SN, or an afferent 

neuron, will receive a signal from an external stimuli, both physical such as touch, or chemical 

as in the olfactory response [80]. The SN will then send the signal to the Central Nervous 

System (CNS) [81]. MNs, or efferent neurons, will receive a signal, and depending on the 

response needed, will pass the signal to effector organs to respond to the stimuli, such as 

muscles or glands [82]. MNs can be either lower motor neurons or upper motor neurons, the 

former have their cell body in the spinal cord and innervate muscles and glands in the body, 

and the later extend from the cerebral cortex and extend down into the spinal cord or brain 

stem. INs are the intermediaries, and will receive a signal from SNs and can pass it along 

multiple pathways to elicit a response from different motor neurons [83]. For example, when 

a hand comes into contact with a hot surface, heat sensitive SNs will activate. For an action 

potential to be transduced along the neuronal cell, the activating stimuli must reach above a 

certain threshold (which can be different for specific type of cells and stimuli in which they 

respond [84]) to cause the depolarisation of the neuronal cell membrane. This activates 

voltage-gated sodium channels on the membrane of the neuronal cell, generating an 

electrical pulse that can pass along the membrane [85]. The action potential is passed along 

until it reaches a terminus at the synapse, causing neurotransmitter release (such as 

glutamate) via vesicle release into the synaptic cleft [86]. 
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Figure 1.6 – Anatomy of a neuronal cell.  

Main processes and physical features are highlighted, as well as sites of specific local 

translation in the cell. Dendritic spines are the postsynaptic membrane and the areas where 

the signals are received in the cell. Signal travels down the axon into the presynaptic terminals. 

Local translation happens at the growth cones – the developing terminal of the neuronal cell, 

as well as the pre and postsynaptic membranes in the axons and dendrites, respectively. Figure 

taken from: [87]. 

 

The signal is then picked up on the post-synaptic membrane, causing a new action potential 

on the receiving neuron, such as in spinal cord where it will be picked up by INs, which will 

send the signal back to the hands via the MNs to contract muscles and move the hand out of 

the way, while also send the signal to the brain to activate the pain receptors. The types of 

response elicited depends on the type of stimuli and to what severity it is being perceived. 

Stimuli which do not reach the threshold electrically fade and do not cause the depolarisation 

of the membrane. Thus, the neuronal cell is highly specialised and structured in a very specific 

way as to allow this sending and receiving signals (figure 1.6). The neuronal cells, as is the case 

for all human cells, have a cytoplasmic cell body(somata) which contains a nucleus, and all 

the typical organelles to carry out metabolism, maintenance, and transcription/translation of 

proteins necessary for cellular function. Though due to the specialised function of the 

neuronal cell, it also has a number of extended cellular protrusions that are the signal 
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transduction sites of the cell. These are either dendrites or axons, which are the signal 

receiving or sending fibres of the cell, respectively. Dendrites have a number of ‘spines’ along 

their membrane, which are the ‘post-synaptic’ sites of signal transduction, where the signal 

is passed to the cell [88]. Neuronal cells have only one axon, and depending on where in the 

body it is, can extend upwards to 1 metre in length. For instance, the somata of SN and MNs 

in the PNS are typically found in the Dorsal root ganglion in the spinal cord, and extend their 

axons to their respective tissue [89] which can extend towards the distal limbs.  At the most 

distal end of the axon are synaptic terminals. This is where the signal is transmitted and will 

often be passed onto a specific organ or muscle. 

 

1.5 - Local Translation in Neuronal cells 

Despite most of the neuronal cell translation and protein synthesis happening in the somata; 

discreet, local translation happens all along the dendritic and axonal lengths, even at the most 

distal ends of the neurons, such as at the synaptic terminals [90]–[92]. This was first outlined 

decades ago, with the discovery of polysomes in dendrites and axons [93]. Soon after this, 

localised mRNA species were then also discovered, such as microtubule-associated protein 2 

(Map2a) [94], and calcium/calmodulin- dependent protein kinase 2 alpha (Camk2α) [95], 

among many others [7]. It became clear that the distal projections of neuronal cells were 

carrying out differential gene expression as compared to the main cell body. Why this occurs 

could be due in part from the possible length of the axons, but also because of the need for 

site specific plasticity of the synapses(the dynamic modulation of connection strength 

between neurons) [96] and axonal homeostasis[97]. Local protein synthesis thus solves a 

logistical issue in neuronal cells. Instead of having to synthesise every protein at the somata 

and transport it along distant microfilaments, the cell can have a pool of locally reserved 

ribosomes and translation factors to carry out translation directly at the site the proteins will 

be needed.  It has even been shown that local translation aids in the development and 

directionality of growing neurons in response to external stimuli [98]. In one study, DCC, a 

receptor implicated in axon growth and guidance, physically interacts with translational 

machinery and mediates local translation upon netrin-1 stimulation [99]. Even in astrocytes – 

glial cells that maintain neuronal brain homeostasis – it has been shown that local translation 

helps to maintain specific interfaces between astrocytes and the brain vascular system [100].  
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Studies have also shown that this differential gene expression has slightly different patterns 

than traditional translation in the somata, with the monosomes actively taking a more major 

part in axonal translation [101]. It is clear then that this compartmentalisation is necessary 

for developing neuron motility, synaptic plasticity, differentiation and specialisation of 

specific cell types, and response to injury or other external stimuli. How the cell can maintain 

this diverse compartmentalisation, and selectively choose which mRNAs need to be packaged 

and transport is an ongoing field of research. What determines which mRNA will be localised 

to the neurite projections, is still somewhat unknown, though studies have suggested that 

neuronal process localised mRNA contains longer, unique 3’ UTR regions which may signal 

transport to the neurites [102]. What is known, is that for the transport of these mRNAs, the 

cells form membrane-less RNA granules [103], which harbour translationally repressed 

mRNA, ribosomes, and other translational machinery, and transport them down long micro-

tubule stretches to be distributed to their targeted areas [104]. The RNA granules assemble 

from mRNA and RNA binding proteins (RBPs) and form phase separated structures [103]. 

These structures interact with dynein and kinesin motor proteins to transport along the 

microtubule network in the axon, linked to lysosomal structures and tethered together by 

ANXA11 [105]. ribosomes in these granules are transported fully assembled and stalled at the 

pre-translocation state by binding of the RBP G3BP2 at the ribosome E site [106]. 

Defects in the transport of transcripts to sites of local protein synthesis, have been implicated 

in multiple neurodegenerative diseases, most notably with FUS mutations linked to 

ALS(amyotrophic lateral sclerosis), which has been shown to reduce translation specifically in 

neurite processes through an eIF2a-phosphorylated manner, while leaving cell bodies of 

neurons undisturbed [107]. FUS, an RNA-binding protein, is implicated in a number of 

processes, such as splicing, transcription, DNA damage repair, and RNA localisation [108], but 

exerts its disease phenotype by binding and aggregating RNA and proteins inside granules, 

preventing proper localisation and transport of RNA granules in neuronal cells [109], [110]. 

Another protein, SMN(survival of motor neurons) is linked to regulation of local transport and 

assembly of RNPs [111]. Defects in this protein also lead to misregulation of local protein 

synthesis and axon and development of Spinal muscular atrophy (SMA) [112]. The correct 

RNA granule assembly and transport towards the distal neuron then is vital for both 

maintaining local protein synthesis, and defects in this choreographed system is directly 

linked to the development of a number of neurodegenerative diseases. 
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Figure 1.7 – Neuronal RNA granule components and known dysfunctions linked to 

neurodegenerative diseases.  

(A) Major components of the RNA granule: RNA binding proteins (RBP), mRNA, and ribosome 

subunits. (B) Phase-separated RNA granules assemble as membraneless organelles, but can 

exchange dynamically with the cytoplasm. (C) Accumulation of RBPs and RNA results in phase-

separation, facilitated by SMN. Depletion or defects result in failure to assemble transport 

granules and linked to neurodegeneration. (D) Disassembling of RNA transport granule is vital 

for the correct delivery of RNA and ribosomes to local sites. Mutations in ALS/FTD related 

proteins such as FUS and TDP-43 leads to solidification of granules and lack of RNA delivery. 

(E) FMRP translationally represses mRNA in RNA granules, creating a spatially timed synthesis 

of their proteins in the neuronal cell. Loss leads to uncontrolled protein synthesis in 

inappropriate cellular compartments, decreasing neurite stability and leading to diseases such 

as Fragile X syndrome. Figure taken from: [113] 
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1.6 - Charcot-Marie-Tooth disease 

Charcot-Marie-Tooth (CMT) disease is a prevalent (1:2500) [114], hereditary 

neurodegenerative disorder, wherein motor and sensory neurons are predominantly 

affected. The classical symptoms in patients include such things as  progressive loss of 

function in distal limbs, loss of sensory function, muscle weakness and atrophy, and foot and 

limb deformities [115], [116]. Generally, onset of the disease is within the second decade of 

life, and slowly progresses to become more severe as people live with the condition. However, 

many patients can also develop severe forms with a much earlier onset, even as early as 

infancy, which can lead to a drastic decrease in quality of life for the patient. Other patients 

can also have a very late onset, with little or no symptoms until well into adulthood. 

Consistent with this wide-ranging clinical outcomes of this disease, the disease can be thought 

of as genetically heterogenous, with a plethora of genetic mutations across a wide range of 

genes can lead to the development of the disease [117], and accordingly subtypes of CMT 

have been categorised based on two key factors: The phenotype of the disease, and the 

genetic mutation that leads to its development. In the first case, two main forms exist: The 

demyelinating form (CMT1) and the axonal dystrophy form (CMT2) [118]. CMT1 leads to 

segmental demyelination of motor neurons, causing drastic decreases in nerve conduct 

velocity (NCV) [119]. Genes involved in maintenance and stabilisation of the myelin sheath 

covering the neurons, are affected in this CMT form, such as peripheral myelin protein 22 

(PMP22), or myelin protein zero (MPZ). Though mutations in other developmental genes are 

also known to bring about this condition, such as early growth response 2 (EGR2) and 

neurofilament light (NFL) proteins [120]. The axonal dystrophy (CMT2) form does not disrupt 

the myelin sheath, which is why NCV is still relatively high in CMT2 (>45m/s NCV) as compared 

to CMT1(<35m/s NCV), but instead displays a length-dependant degradation of distal synaptic 

ends [115], [121]. This degradation of synaptic ends of the neurons results in a ‘dying back’ of 

the axon, starting at the very tips of motor neurons, with a repeating cycle of degradation, 

regrowth, degradation, and so on [122]. The genes causing the disease also define the 

subtype, such as the gene for glycyl-tRNA-synthetase (GARS) leading to CMT2D. Interestingly, 

six genes that encode for aminoacyl-tRNA-synthetases cause CMT2 (or the intermediate 

phenotype, DI-CMT): YARS, MARS, HARS, GARS, AARS, and the recently reported WARS [123]. 

As described above, these enzymes are ubiquitously expressed in all cell types, and are 
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necessary to carry out esterification of tRNA with their cognate amino acid [20], making them 

an important bridge between the nucleotide sequence and their translation to peptides. Why 

mutations in these key translational enzymes seems to have a specific, aberrant effect in 

motor neurons, is largely unknown.  

 

CMT-related mutations in GARS are the most widely researched, and a number of possible 

mechanisms have been proposed, among them the most prevalent being: Loss of 

aminoacylation function, and toxic gain-of-function wherein the mutant GARS can interact 

and alter the function of specific proteins such as Nrp-1 and HDAC6  [124], [125]. However, in 

both of these cases not all mutations show the same effect, with aminoacylation activity not 

correlating with disease phenotype [126]. Mice which contained a deletion in the GARS allele, 

reducing levels of GARS by more than 50%, showed similar phenotype to control, and 

measured activity of the P234KY variant showed similar activity to WT GARS [127]. 

Furthermore, another study concluded that overexpression of WT GARS did not rescue the 

neuropathy phenotype, and instead suggested a dose-dependent gain-of-function [128]. 

Also, other studies have not showed a similar interaction with Nrp-1 and HDAC6 [129]. In the 

latter case, while some mutations did not show the same interaction between mutant GARS 

and HDAC6, GARSP724H still correlated with disease phenotype, and despite not showing the 

similar neomorphic interaction, α-tubulin acylation levels still reduced. This indicates that a 

common mechanism unifying all of the CMT-mutations of GARS leading to development of 

the disease has yet to be uncovered. 

 

1.7 - C9-orf72-mediated ALS/FTD 

Amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) are devasting 

neurodegenerative disorders, with different, but sometimes overlapping clinical symptoms. 

FTD is the second most common cause of pre-senile dementia, wherein the disease causes 

degeneration of the frontal and temporal lobes of the brain, resulting in progressive changes 

in behaviour and personality [130]. While ALS - affecting 2 in 100,000 people - is classical 

defined as a upper and lower motor neuron degenerative disorder leading to muscle 

weakness and wasting, though frontotemporal defects have also been described for this 

disease [131]. 
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Figure 1.8 – G4C2 repeat expansion leads to translation of Dipeptide repeat proteins (DPRs). 

RAN translation occurs at the non-canonical CUG codon upstream of the G4C2 repeat 

expansion, where PolyGA, Poly GR and PolyPG are translated from each frame of the repeat 

region. Initiation at the CUG codon also causes epigenetic silencing of the canonical C9orf72 

gene. This protein is involved in cellular autophagy which helps clear misfolded or aggregating 

proteins. A negative feedback loop thus leads to cellular toxicity as DPRs are failed to be 

broken down and cleared due to decreasing autophagy. Figure taken from: [132]. 

 

In 2011, a breakthrough study found that a common inherited cause of both of these diseases 

is  a hexanucleotide repeat GGGGCC (G4C2) repeat expansion in the first intron on 

chromosome 9 of the C9orf72 gene, with 11.7% of FTD cases and 22.3% of ALS cases related 

to this expansion [133], [134]. This C9FTD/ALS disorder – the collective term for C9Orf72 

expansions leading to either FTD and/or ALS symptoms – has an onset in patients between 

27-63 years, and while these repeat expansions in this loci are generally common in healthy 

individuals, an accumulation above a specific threshold seems to be the leading cause behind 

the progression [135]. This repeat expansion in the first intron of the gene persists onto the 

transcribed mRNA [136], and leads to development of the disease through a number of non-

exclusive means: Firstly, accumulation and aggregation of mRNA at specific loci leads to 
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recruitment of RNA-binding proteins, sequestering important proteins necessary for cellular 

function [137], [138]. Second, the expanded repeat regions on the gDNA can lead to 

alterations of epigenetic markers, causing decreased expression of C9Orf72 mRNA and 

protein levels [139], [140]. And third, the expanded C9orf72 mRNA can undergo an 

unconventional translation, dubbed as RAN (repeat-associated non-AUG) translation, 

wherein ribosomes can initiate at non-canonical start codons, such as CUG. On the C9orf72 

gene, this leads to translation of the repeat region, and synthesis of di-peptide repeat (DPR) 

proteins [141], [142], and accumulation of these proteins is sufficient to induce 

neurodegeneration [143], [144]. DPRs impart their toxicity through number of mechanisms, 

such as: altered ribosome biogenesis, impaired nucleocytoplasmic transport, and shifts in 

RNA metabolism [144]. Interestingly, translation on these repeat regions can happen in every 

frame, both on the sense and antisense strand [145], and different combinations of DPRs can 

illicit different toxicities. The charged DPRs: poly glycine-arginine (PolyGR), and poly proline-

arginine (PolyPR), in particular accumulate in membrane-less organelles, such as RNA 

granules, and can suppress global protein production [146]. Other DPRs, such as Poly glycine-

alanine (PolyGA) have been shown to aggregate in the axon and dendritic projections of 

neuronal cells [147], wherein these PolyGA aggregates are mobile, and lead to increased CA2+ 

influx in response to external stimuli, and a reduction production of synaptic vesicle-

associated protein 2 (SV2), a necessary protein that forms intrinsic component of synaptic 

release machinery [148]. The production of these DPRs then is inexorably linked to disrupted 

neuronal homeostasis and function, leading to selective cell death. 

 

How RAN translation occurs is still not fully understood, but studies have proposed a 

mechanism where the repeat-region secondary structure can act as an internal ribosome 

entry (IRES) site [141] – specific RNA elements that can induce cap-independent initiation and 

translation by internal ribosome entry [149]. Other studies have proposed that the repeat-

region can form difficult to scan through structures, such as G-quadruplex that can slow down 

scanning [150] enough to promote initiation at unfavourable codons [151] then helicases such 

as DHX36 can then unwind the G-quadruplex to promote DPR translation [152]. Indeed, on 

the sense strand in the PolyGA frame, 24nt upstream of the hexanucleotide repeat region is 

a CUG with an optimal kozak sequence [145]. PolyGA is likely translated through a 

conventional, albeit non-AUG, scanning and initiation mechanism. In contrast, PolyGP, which 
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exists in frame +2, has a stop codon before the G4C2 repeat region, meaning its translation 

has to be induced directly in the repeat region itself and not at the CUG, or ribosomal 

frameshifting must occur after initiation in the PolyGA frames. This second mechanism is 

evidenced by the fact that mutation  of the CUG codon 24nt upstream of the G4C2 repeats, 

prevents translation of all three DPR products from sense strand (Poly-GA/GP/GR) [145], 

[153]. The induction of the ISR also seems to be pivotal for effective RAN translation on these 

repeat regions [154]. While under normal circumstances, translation is effectively shut down 

upon stress induction on the cell, through the eIF2a-phosphorylation mechanism [155], a 

number of mechanisms exist to still selectively translate genes that could potentially be 

necessary for cellular response to stress [156]. Upstream open reading frames, as utilised by 

ATF4, IRES sequences, and Non-AUG initiation codons can bypass this global protein synthesis 

shutdown [157]–[159]. Thus RAN translation is effectively impervious to the ISR [142]. As 

DPRs are sufficient to induce the ISR [160], this could potentially lead to a feedback loop of 

DPRs causing stress response, which shuts down global translation but still allows production 

of more DPRs. 

 

1.8 - Other neurodegenerative diseases with links to translation 

A number of other neurodegenerative diseases also arise, and studies have shown that these 

are due to dysfunctions of local translation in neurite processes, though through different 

means, such as changes in transport, localisation, and local translation of axonal mRNA [161]. 

Also, further emphasising the impact and importance that the polarised cellular structure of 

the neuronal cell can play on the development of disease, Maday, 2014, highlights a number 

of transport proteins that are known to give rise to neurodegenerative diseases when 

mutated [162]. This distinct, compartmentalised structure, maintained by antegrade and 

retrograde transport, facilitating the local translatome, is seemingly the key for both neuronal 

cell function [163] and survival, and to also understand how many of these diseases 

specifically disrupt and lead to degeneration of neuronal cells. 

 

Fragile X Syndrome (FXS) 

FXS is an inherited disorder, leading to a plethora of intellectual, behavioural and physical 

abnormalities and defects [164]. The leading cause of this disease is the loss of the Fragile X 
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mental retardation protein (FMRP), brought about by excessive (>200) CGG repeat 

expansions in the promoter-proximal region of the gene loci [165]. This repeat expansion 

leads to hypermethylation of the promoter region, effectively silencing the FMR1 gene, 

decreasing functional amount of protein in the cell [166]. FMRP is a ubiquitously expressed 

protein, though it is found more highly expressed in the neurons [167] and functions primarily 

in the RNA transport granules in the neuronal cell [168]. FMRP binds both mRNA targets and 

ribosomes in the granules, effectively causing translational repression of the mRNA inside the 

granule. This is a vital functionality of the RNA granule, as specifically timing the expression 

of localised mRNA species – where in the cell and how much – is vital for neuronal 

development and function [169], [170]. Loss of this protein then not only hinders RNA granule 

formation, but spatially timed translation in neuronal cells also affected. Loss of this function 

could lead to axonal growth cone defects [171] and dendritic spine pathology [172], hindering 

the circuit network of the brain and neurotransmission between neuronal cells. 

 

Huntington’s disease  

Another neurodegenerative disease that is given rise by nucleotide repeats is Huntingtin’s 

disease (HD). This disease is a dominantly inherited, and slowly progresses over 15-20 years, 

leading to behavioural disorders, cognitive impairment, and involuntary movements [173]. 

CAG repeats in exon1 of the sequence of the Huntingtin protein (Htt) cause an expansion of 

a polyglutamine tract in the N-terminus of the protein [163], [174]. This leads to aggregation 

of the Htt protein, which can sequester and trap proteins necessary for RNA granule transport 

in the neuronal cells, a common theme in neurodegenerative disorders [175]. Wild-type Htt 

itself is also seemingly needed for maintaining the local translatome of the neuronal cell, as 

Htt has been shown to traffic to dendrites and associate with the 3’UTR regions of neuronal 

localised mRNAs [163]. While this is the classical view of HD, other studies have also shown 

that these CAG trinucleotide repeats can undergo RAN translation [176]. As is the case for C9-

ALS, the CAG-repeat region can recruit translational factors and allow the expression directly 

of the DPR proteins through a non-canonical initiation, and which causes expression in all 

possible frames, leading to cellular toxicity through aggregation of DPR proteins [177]. 
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Vanishing White Matter disease 

From the disorders mentioned above, it is clear then the importance of the specific 

localisation and expressional timing of key mRNA species in distinct compartments of the 

neuronal cell for general function and development. It is also clear that this lends the neuron 

a number of vulnerabilities that might only specifically affect neuronal cells, and no other, less 

structured cells. For example, mutations arising in eIF2B, a key guanine-exchange factor that 

regenerates GTP on eIF2a-GDP after an initiation cycle [178], gives rise to a fatal 

leukodystrophy, Vanishing White Matter (VWM), characterised by the loss of the white 

matter, or the myelin sheath in the brain [179]. Phosphorylated eIF2a under stress conditions, 

binds to eIF2B with a much higher affinity and represses its activity [155] – this is the typical 

ISR activation pathway. Under stress conditions, a number of genes are selectively translated 

through a mechanism of cap-independent initiation. A stress induced transcription factor, 

ATF4, promotes expression of 4E-BP, which sequesters eIF4E, the methyl-cap binding protein, 

promoting cap-independent initiation through 5’ IRES sequences of stress-response genes 

[180]. These TFs activate more genes which aid cellular recovery from stress [181]. Mutant 

eIF2B hyper-suppresses translation during stress, leading to a lack of stress-induced gene 

expression [182] essentially hindering the cells ability to recover normal translation after 

stress induction. In VWM pathology, both severe head trauma and neuroinflammation can 

lead to quickening of the disease progressive, with even the disease lying dormant until such 

a traumatic event causes sufficient stress on the neuronal cells.  Cells in VWM patients thus 

undergo prolonged states of translational hyper-repression and failure to recover from stress. 

In neuronal cells, this can lead to complete loss of stability of the cells, and disruption of 

synaptic function and neurotransmission. 
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2 - Aims of the thesis 
 

In this thesis, we aimed to address the molecular mechanisms underlying CMT2 associated 

with pathologic mutations in GlyRS and TyrRS. using deep-sequencing approaches, such as 

ribosome profiling and RNA-sequencing, coupled with fundamental molecular biology assays. 

We uncovered a novel mechanism of tRNA sequestration by GlyRS or TyrRS that leads to 

translational defects in their corresponding codon, i.e. Gly codons and Tyr codons, 

respectively (Chapter 3 and Chapter 4). Upregulation of the cognate tRNA by administration 

of in vitro transcribed tRNA alleviates translation defects (Chapter 5).  

For another disease, C9Orf72ALS, we utilised ribosome profiling   to gauge the level of 

frameshifting using different disease-relevant contexts (Chapter 5). We detect ribosome-

protected fragments during the scanning phase of translation initiation, and possibly 

determine the frameshifting within the repeat stretch. While we detect enrichment of 

ribosome-protected reads upstream of the start, the low amount of reads at non-canonical 

initiation sites does not allow for detecting frameshifting events triggered by queued initiating 

ribosomes.  
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3 - tRNA sequestration as an underlying mechanism of CMT2 

neuropathy associated with genetic mutations in GARS 

 

This chapter represents part of the publication:  

Amila Zuko*, Moushami Mallik*, Robin Thompson, Emily L. Spaulding, Anne R. Wienand, 

Marije Been, Abigail L. D. Tadenev, Nick van Bakel, Céline Sijlmans, Leonardo A. Santos, Julia 

Bussmann, Marica Catinozzi, Sarada Das, Divita Kulshrestha, Robert W. Burgess, Zoya 

Ignatova, Erik Storkebaum., “tRNA overexpression rescues peripheral neuropathy caused by 

mutations in tRNA synthetase,” Science 373, 1161–1166, 2021 

 

This work was executed in collaboration with the group of Prof. Dr. Erik Storkebaum from 

Radboud Universiteit, Netherlands. Plasmids for GARS expression in E. coli were kindly 

provided by Prof. Dr. Xiang-Lei Yang, Scribbs Institute, USA. In this study, we have uncovered 

a mechanism underlying the development of CMT disease, caused by the sequestration of 

tRNA by CMT-mutant GARS. A short, edited version from the original publication is included 

here, mainly representing the results from my contribution. My contribution to the paper was 

producing the data for figure 3.4a, b and figure 3.5b (In the paper as figures 3a, b, and S13, 

respectively), calculated from kinetic studies carried out using purified protein and in-vitro 

transcribed tRNAGly (as seen in figure 3.3). For these experiments, I generated several CMT-

related mutants of GARS through site directed mutagenesis, using the wild-type GARS 

containing plasmid. All of the different variants of CMT-GARS were expressed in E. coli and 

purified to homogeneity. A ribosome profiling (or Ribo-seq) was carried out on spinal cord of 

mice either carrying the WT GARS, or a heterozygous mutant mouse carrying C201R (C157R 

in humans). My findings with the kinetic studies, substantiated with the Ribo-seq analysis, 

helped to form the core idea in the paper of the sequestration of tRNA by mutant GARS being 

an underlying mechanism behind the disease, as seen in the model in figure 3.6. Analysis of 

ribosome profiling data was carried out by Leonardo Santos. Immunoprecipitation of 

GARS:tRNAGly was carried out by Sarada Das. Some results and figures from the paper are 

included in this section to highlight the main findings of our work, some of which was not 

carried out by me, though working collaboratively the conclusions and main take-aways of 

the paper were contributed to by all authors.  Where data was not generated by me is 
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indicated. Some panels not shown but still referred to in the main body of text and figure 

legends.  

 

3.1 - Introduction 

Heterozygous mutations in six genes encoding cytoplasmic aminoacyl-tRNA synthetases 

(aaRSs) cause axonal and intermediate forms of Charcot-Marie-Tooth (CMT) peripheral 

neuropathy [125], [183], [184]. aaRSs are ubiquitously expressed enzymes that covalently 

attach amino acids to their cognate tRNAs (tRNA aminoacylation) [185], [186]. Aminoacylated 

tRNAs are used by the ribosome for mRNA translation [187]. Interestingly, some CMT aaRS 

mutations do not affect aminoacylation activity [114], [188]–[191], indicating that loss of 

aminoacylation activity is not a prerequisite for disease causality. Rather, a gain-of-toxic-

function mechanism may underlie CMT associated with glycyl-tRNA synthetase (GARS) 

mutations [CMT disease type 2D (CMT2D)] [128], [189]. In vivo cell type–specific visualization 

of newly synthesized proteins in Drosophila [192] by fluorescent noncanonical amino acid 

tagging (FUNCAT) [193] revealed that each of six GARS or tyrosyl-tRNA synthetase (YARS) 

mutants substantially inhibited global protein synthesis in motor and sensory neurons [189], 

implicating impaired mRNA translation in CMT2D. 

 

3.2 - Results & Discussion 

In this study, we investigated the molecular mechanism by which CMT mutant GARS variants 

inhibit translation. Manipulation of upstream regulatory pathways or translation initiation did 

not rescue inhibition of translation, suggesting that CMT mutant GARS may interfere with 

translation elongation. We thus evaluated the effect of tRNAGly overexpression by 

generating Drosophila carrying a bacterial artificial chromosome (BAC) transgene containing 

five tRNAGly genes with GCC anticodon (tRNAGly-GCC). Flies with 10 or 20 additional tRNAGly-

GCC gene copies displayed ~13 and ~25% higher tRNAGly-GCC levels than wild type (WT), 

respectively. The 10xtRNAGly-GCC transgene partially rescued the translation defect (figure 

3.1a), and peripheral neuropathy–like phenotypes induced by three CMT mutant GARS 

proteins [E71G (Glu71→Gly), G240R, and G526R], including larval muscle denervation (figure 

3.1b), developmental lethality, adult motor deficits, sensory neuron morphology defects, and 

reduced life span.  
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Figure 3.1 - tRNAGly overexpression rescues inhibition of protein synthesis and 

peripheral neuropathy phenotypes in Drosophila CMT2D models. 

All figures in this panel generated by collaborators. Some panels from paper not shown. 

(A) Relative translation rate as determined by FUNCAT in motor neurons (OK371-GAL4) of 

larvae expressing E71G, G240R, or G526R GARS (2x indicates two transgene copies), in the 

presence or absence of the tRNAGly-GCC BAC transgene (10xtRNAGly-GCC). n = 10 to 34 

animals per genotype; ***P < 0.001 by Kruskal-Wallis test. Single-letter abbreviations for 

the amino acid residues are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; 

I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp; and 

Y, Tyr. (B, C, and D) Percentage of larvae with innervated muscle 24. GARS transgenes 

were expressed in motor neurons (OK371-GAL4), in the presence or absence of 10xtRNAGly-

GCC BAC (B), 10xtRNAGly-GCC scramble (C), or 12xtRNAGly-UCC (D). n = 19 to 26 (B), 8 to 22 (C), 

and 12 to 27 (D) animals per genotype; *P < 0.05; ***P < 0.005 by Fisher’s exact test with 

Bonferroni correction. Figure panels taken from figure 1b, c, and g [194].  

A B 

C D 
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In general, phenotypic rescue was more pronounced for G240R and G526R than for E71G. 

tRNAGly-GCC overexpression did not alter GARS protein levels, nor did it rescue peripheral 

neuropathy phenotypes induced by CMT mutant YARS, indicating that only the cognate tRNA 

can rescue. Transgenic lines containing 10 different tRNAGly-GCC genes (“tRNAGly-GCC scramble”) 

induced a more pronounced dosage-dependent increase in tRNAGly-GCC levels than did the BAC 

transgene (∼30% for 10xtRNAGly-GCC) as well as a more substantial rescue of muscle 

denervation and motor performance (figure 3.1c). Thus, the degree of rescue correlated with 

tRNAGly-GCC overexpression level. 

We next generated transgenic lines overexpressing the other tRNAGly isoacceptor, tRNAGly-UCC. 

12xtRNAGly-UCC flies displayed ~75% higher tRNAGly-UCC levels than WT. For E71G and G240R, 

tRNAGly-UCC overexpression partially rescued developmental lethality, muscle denervation 

(figure 3.1d), motor deficits, and life span. For G526R, tRNAGly-UCC overexpression partially 

rescued motor performance but aggravated sensory neuron morphology defects and further 

reduced life span. Thus, for E71G and G240R, both tRNAGly-GCC and tRNAGly-UCC partially 

rescued peripheral neuropathy phenotypes, while for G526R, the rescue was isoacceptor 

specific. To strengthen the potential relevance for human CMT2D, we evaluated the effect of 

tRNAGly-GCC overexpression in CMT2D mouse models. We generated transgenic mice with ~27 

(tRNAGly-high) or two (tRNAGly-low) copies of a genomic transgene containing two tRNAGly-

GCC genes. In spinal cord (SC), tibialis anterior muscle, and sciatic nerve of tRNAGly-high mice, 

tRNAGly-GCC levels were ~90 to 150% higher compared to WT. Targeted locus amplification 

(TLA) revealed integration of all transgene copies in Stk38 (serine/threonine kinase 38) on 

chromosome 17, with an ~7-kb deletion at the integration site, deleting exons 8 through 12 

of Stk38. In both male and female GarsC201R/+ mice [195] of 3 to 6 weeks of age, tRNAGly-

GCC overexpression fully rescued the reduced body weight and motor deficits. Reduced nerve 

conduction velocity (NCV) and compound muscle action potential (CMAP) amplitude 

in GarsC201R/+ mice were also fully rescued. Thus, increasing tRNAGly-GCC levels completely 

prevented peripheral neuropathy in GarsC201R/+ mice without affecting GARS mRNA and GARS 

protein levels. 
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Figure 3.2 - tRNAGly-GCC overexpression rescues peripheral neuropathy in CMT2D mouse 

models. 

All figures in this panel generated by collaborators. Some panels from paper not shown 

(A) Hanging time in the inverted grid test of male GarsC201R/+ × tRNAGly-high (A) mice. n = 8 

or 9 mice per genotype; ***P < 0.0001 by one-sample t test and two-tailed unpaired t test 

with Bonferroni correction per time point. (B) Four-paw grip strength as measured by 

dynamometer. n = 8 or 9 mice per genotype; ***P < 0.001 by two-way ANOVA with Tukey’s 

multiple comparisons test per time. (C, D) Electromyography (EMG) at 12 [(C), (D), weeks 

of age. (C), Latency time between sciatic nerve stimulation at sciatic notch level and 

detection of a compound muscle action potential (CMAP) in the gastrocnemius muscle. n = 

8 or 9 (C) mice per genotype; ***P < 0.0001 by two-way ANOVA with Tukey’s multiple 

comparisons test (C). (D) CMAP amplitude in the gastrocnemius muscle. n = 8 or 9 (D) mice 

per genotype; ***P < 0.0005 by Brown-Forsythe and Welch ANOVA (D). (E, F) 

Representative images (E) and quantification (F) of NMJ innervation status in plantaris 

muscle. In (E), neurofilament (NF) and SV2 label presynaptic nerve endings, while TRITC-

conjugated bungarotoxin (BTX) labels postsynaptic acetylcholine receptors. n = 5 mice per 

A B C D 

E F 
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genotype; ***P < 0.005 by Fisher’s exact test with Bonferroni correction. Scale bar, 25 μm. 

Graphs represent mean ± SEM. Figure panels taken from figure 2b, c, d, e, g, and h [194]. 

 

Follow-up of an independent cohort of GarsC201R/+ × tRNAGly-high mice from 4 to 12 weeks of 

age confirmed full rescue of motor performance (figure 3.2a, b) and neuromuscular 

transmission (figure 3.2c, d).  At 12 weeks of age, tRNAGly-GCC overexpression fully rescued the 

reduced gastrocnemius muscle weight and substantially mitigated muscle denervation (figure 

3.2e, f). The rescuing effect persisted until 1 year of age in another cohort of GarsC201R/+ × 

tRNAGly-high mice. Body weight and motor performance were fully rescued from 4 to 52 weeks 

of age, as were NCV, CMAP amplitude, and gastrocnemius muscle weight. Thus, tRNAGly-

GCC overexpression completely prevents peripheral neuropathy in GarsC201R/+ mice. 

Finally, we crossed tRNAGly-high mice to another CMT2D mouse model carrying a patient 

mutation (245-248_delETAQ) in the mouse Gars gene [196]. At 4, 8, and 12 weeks of age, 

tRNAGly-GCC overexpression fully rescued motor deficits, reduced NCV and CMAP amplitude, 

reduced gastrocnemius weight, and muscle denervation. In tRNAGly-low mice, the tRNAGly-

GCC level was not altered. GarsC201R/+;tRNAGly-low mice were indistinguishable 

from GarsC201R/+ mice for all parameters evaluated, showing that tRNAGly-GCC overexpression, 

and not the mere presence of the transgene, is responsible for phenotypic rescue. 

 

We next explored the molecular mechanism underlying the rescue of CMT2D phenotypes by 

tRNAGly overexpression. We hypothesized that CMT mutant GARS may exhibit altered kinetics 

of tRNAGly binding and release. First, size-exclusion chromatography of various purified 

human GARS variants revealed that WT and E71G migrated predominantly as dimers, 

whereas L129P, C157R (equivalent to mouse C201R), G240R, E279D, and G526R partitioned 

between the monomer and dimer forms (figure 3.4a). Next, in vitro kinetic studies were 

carried out on GARS variants was carried out to with in vitro transcribed tRNAGly (figure 3.3).  

All CMT mutant GARS dimers bound tRNAGly-GCC (Kon, association rate constant) with one-half 

to one-tenth the affinity of WT dimers (figure 3.4b). L129P, C157R, G240R, E279D, and G526R 

dimers displayed markedly slower tRNAGly-GCC release (Koff, dissociation rate constant), with 

>80% of traces showing no tRNAGly-GCC release (figure 3.4b). 
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Figure 3.3 – CMT-GARS mutant variants showed slower binding and decreased release 

kinetics compared to wild type GARS. 

in vitro tryptophan quenching curves. Kon data generated from ‘binding curves’ for each GARS 

variant used in experiment, and Koff data generated from ‘Release curves’. Binding curve 

readings taken after GARS and tRNAGly incubated together. Release curve readings taken after 

addition of ATP and Gly to the same samples, beginning aminoacylation reaction of GARS. 

 

In contrast, E71G dimers displayed tRNAGly-GCC release kinetics comparable to WT. L129P, 

C157R, G240R, E279D, and G526R monomers bound tRNAGly-GCC with very low affinity, but 

once bound, the tRNAGly-GCC release was markedly inhibited (figure 3.4b). The tRNAGly-

UCC isoacceptor displayed similar binding and release kinetics to GARS dimers and monomers. 

The slow tRNAGly release by CMT mutant GARS dimers and monomers suggests that mutant 

GARS sequesters a large fraction of cellular tRNAGly and thus deplete it for translation. To 

provide in vivo evidence for tRNAGly sequestration, we immunoprecipitated GARS from brains 

of GarsC201R/+ and WT littermate mice and quantified the amount of tRNAGly bound to GARS. 

The tRNAGly amount was ~65% larger in GarsC201R/+ than in WT (figure 3.4c and figure 3.5a), 

indicating stronger tRNAGly association with GARS-C201R. 
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Figure 3.4 – tRNAGly sequestration by CMT mutant GARS induces ribosome stalling. 

(A) Size-exclusion chromatography of purified recombinant human GARS proteins. D:M, 

dimer-to-monomer ratio. (B) Kon and Koff values of tRNAGly-GCC binding and release, 

respectively, to dimer and monomer forms of the indicated GARS variants. The percentage 

in parentheses denotes the frequency of a measured value. (C) Quantification of 

tRNAGly bound to GARS in tRNAGly-GARS complexes immunoprecipitated from whole brains 

of GarsC201R/+ and WT littermate control mice. tRNAGly/GARS ratio of WT is set as 100%; n = 

5 independent experiments; *P < 0.05 by one-sample t test. (D) Hanging time in the 

inverted grid test of male Gtpbp2+/? or −/−;Gars+/+ (control), Gtpbp2+/?;GarsC201R/+, 

and Gtpbp2−/−;GarsC201R/+ littermate mice at 4, 5, 6, 7, and 8 weeks of age. n = 15 to 28 

mice per genotype group; ***P < 0.0005 by one-sample t test and two-tailed 

unpaired t test with Bonferroni correction per time point. (E) Nerve conduction velocity of 

the sciatic nerve at 8 weeks of age. n = 13 to 20 mice per genotype group; ***P < 0.0001 

by Brown-Forsythe and Welch ANOVA. (F) Axon number in the motor branch of the femoral 

nerve at 8 weeks of age. n = 8 to 13 per genotype group; ***P < 0.0001 by one-way ANOVA 

with Tukey’s multiple comparisons test. Graphs represent mean ± SEM. Figure panels taken 

from figure 3 [194]. 

A C D 

B 
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Because tRNAGly sequestration may lead to ribosome stalling at Gly codons, we performed 

ribosome profiling on SC extracts of GarsC201R/+ and WT littermate mice, revealing that Gly 

codons are more frequently found in the ribosomal A site in GarsC201R/+ SC relative to WT (a 

cumulative increase of 79%) (figure 3.5b). Prolonged ribosome dwelling at codons is resolved 

by “ribosome rescue” pathways [197]–[199], and because Gly codons are frequent, ribosome 

stalling in CMT2D may deplete ribosome rescue factors, and inactivation of a rescue factor 

may aggravate the phenotype of CMT2D mice. Indeed, inactivation of Gtpbp2, encoding the 

ribosome rescue factor GTPBP2 (guanosine triphosphate binding protein 2), does not induce 

peripheral neuropathy by itself [200] but substantially enhanced peripheral neuropathy 

in GarsC201R/+ mice (figure 3.4d, e, f). Thus, ribosome stalling causally contributes to CMT2D 

pathogenesis. Because stalled ribosomes may activate the integrated stress response (ISR) 

through general control nonderepressible 2 (GCN2) [201]–[203], and ISR activation was 

implicated in CMT2D  [204], we evaluated ISR induction in CMT2D mice inter-crossed with 

tRNAGly-high mice. tRNAGly-GCC overexpression fully rescued increased phosphorylated 

eukaryotic initiation factor 2α (eIF2α) immunostaining intensity (~75% higher than in WT) in 

spinal motor neurons of GarsΔETAQ/+ mice as well as the strong induction of activating 

transcription factor 4 (ATF4) target genes Gdf15, Adm2, B4galnt2, and Fgf21 in motor 

neurons of GarsC201R/+ mice. Thus, tRNAGly-GCC overexpression abrogates ISR activation in 

CMT2D mice, indicating that depletion of the cellular tRNAGly pool and consequent ribosome 

stalling is upstream of ISR activation. When Gtpbp2 is inactivated in GarsC201R/+ mice, the 

percentage of motor neurons showing ISR activation does not change, nor do additional cell 

types show ISR activation, despite widespread Gtpbp2 expression in SC. This suggests that 

tRNAGly levels are only below a critical threshold in affected motor and sensory neurons, 

leading to ribosome stalling selectively in these cell types. This may explain the relatively 

modest increase in ribosome dwelling at Gly codons in GarsC201R/+ SC (figure 3.5b). 
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Figure 3.5 - Ribosome stalling on Gly codons contributes to peripheral neuropathy 

phenotypes in GarsC201R/+ mice. (A) Example of quantification of tRNAGly bound to GARS in 

complexes immunoprecipitated from whole brains of GarsC201R/+ and WT control mice. The 

amount of GARS was determined in two dilutions (1:5 and 1:10, upper panel) using a capillary 

electrophoresis immunoblotting system (Jess, ProteinSimple). GARS-bound tRNAGly was 

quantified following ligation with a fluorescent oligonucleotide, loaded onto two lanes and 

separated on 10% denaturing polyacrylamide gel (middle panel). The quantification was 

performed in black-white mode (lower panel). M, protein marker; L, prestained DynaMarker 

for small RNAs (BioDynamics Laboratory Inc, Japan). (B) Relative changes in ribosome dwelling 

occupancy (frequency) at A-site codons in spinal cord of GarsC201R/+ versus WT littermate mice, 

as determined by ribosome profiling. The A site frequency was separately determined for 

GarsC201R/+ and WT mice, normalized to the transcriptome codon frequencies, and presented 

as a ratio to visualize the effect of the C201R mutation on A-site codon frequencies. The four 

Gly codons are highlighted in yellow. Ribosome dwelling occupancy at Gly codons in the A site 

is elevated in GarsC201R/+ spinal cord, most prominently for the GCC codon. Note that among 

the Gly codons, GGC is the most frequently used. Figure panels taken from figures S13 [194]. 

A 

B 
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Figure 3.6 - Proposed molecular mechanism underlying CMT2D. 

 (A) WT GARS binds tRNAGly and Gly, activates Gly, and aminoacylates tRNAGly. Glycyl-tRNAGly 

is transferred to eEF1A, which delivers glycyl-tRNAGly to the ribosome for use in translation 

elongation. (B) In CMT2D, both WT and CMT-mutant (labelled with red cross) GARS proteins 

are present, derived from the WT and CMT-mutant GARS alleles, respectively. CMT-mutant 

GARS binds tRNAGly and possibly Gly, may or may not activate Gly and aminoacylate tRNAGly, 

but fails to release tRNAGly or releases it at a very slow pace. As a consequence, the cellular 

tRNAGly pool is depleted below a critical threshold. (C) tRNAGly overexpression replenishes the 

cellular tRNAGly pool, resulting in sufficient tRNAGly for aminoacylation by WT GARS. Figure 

panels taken from figure S16 [194]. 

A 

B 

C 
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3.3 - Conclusion 

Our data propose a detailed molecular mechanism underlying CMT2D (figure 3.6). Beyond 

the seven CMT2D mutations studied here, this mechanism may apply to additional CMT 

mutant GARS proteins, because 14 of 25 reported CMT2D mutations result in net addition of 

positive charge, which could alter binding and release kinetics of the negatively charged 

tRNAGly. Similarly, most CMT-causing mutations in YARS and AARS also result in net addition 

of positive charge. Finally, our data indicate that increasing tRNAGly level may constitute a 

therapeutic approach for CMT2D. 

 

3.4 - Materials and Methods 

Expression and purification of recombinant GARS proteins 

All GARS variants were cloned into pET28 modified with two expression tags, i.e. 6xHis and 

SUMO tag, and expressed in the E. coli Rosetta strain. Cultures were grown until the 

exponential phase (OD600 = 0.7-0.8) and induced with 0.7mM IPTG for 16h at 22°C. GARS 

variants were bound to HisPur Ni-NTA resin (Thermo) by incubating for 30 minutes at 4 °C, 

washed multiple times with 20 mM Tris-HCl pH 8.0, 500 mM NaCl, and 10 mM imidazole, 

followed by twice washing with 20 mM Tris-HCl pH 8.0, 500 mM NaCl, and 20 mM imidazole. 

The GARS variants were eluted from the resin by cleaving the SUMO tag by incubating the 

resin with 0.5 mg/mL of ULP overnight at 4oC. The collected supernatant was concentrated 

using Vivaspin 20 spin columns, followed by fractionation of dimer and monomer forms via 

size-exclusion chromatography on Superdex 200. 

 

Determination of Kon and Koff values 

Kon values for the cognate tRNAGly-GCC or tRNAGly-UCC were determined by monitoring the 

quenching of intrinsic tryptophan residues. In a 96-well plate format using multiple replicates, 

750 nM of each GARS variant was incubated with different tRNA concentrations, ranging from 

0-1µM, in 25 mM sodium acetate buffer pH 6.0 containing 10 mM MgCl2, 5 mM DTT, in a final 

volume of 50µL and Trp emission was recorded at 350nm (excitation 280 nm) at 37 °C on a 

TECAN Spark plate-reader. tRNAGly-GCC and tRNAGly-UCC were generated via in vitro T7 

transcription and purified via 10% polyacrylamide gel electrophoresis. Binding curves were 
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fitted to exponential decay functions and quantified with OriginPro.  For determination of Koff 

values, between 0.1-1µM tRNAGly was added to 750 nM of each GARS variant in 25 mM 

sodium acetate buffer pH 6.0 containing 10 mM MgCl2, 5 mM DTT and incubated for 10 min 

at 37 °C (final volume of 50 µL). To each reaction, Gly and ATP, each 1 mM, were added to 

the wells. Fluorescence spectra (emission at 350 nm and excitation at 280 nm) were recorded 

over 5 min, step 1 s. Spectra were fitted in OriginPro to an exponential function. For each 

variant more than 50 traces, in biological replicates setting, were recorded. For the CMT-

mutant GARS variants that strongly bind tRNAsGly, albeit rarely, we detected some events of 

tRNA release. Those curves were fitted and discrete Koff values reported along with the 

fraction of the cases for which we registered them.  The stability of tRNAGly:GARS complexes 

depends on both Kon and Koff, i.e. KD value  (KD=Kon/Koff) which largely differs among the 

variants. Along with KD, mean life and the half-life of a protein:ligand complex (i.e. 1/Koff and 

ln2/Koff, respectively) are quantitative predictors on its stability [205]. Together, KD and 1/Koff 

of the tRNAGly-GARS complexes quantitatively recapitulate the tRNA sequestration effect for 

all CMT-mutant GARS proteins. 

 

Modelling the level of tRNAGly overexpression needed for rescue 

The translation rate of a single codon depends on (i) tRNA aminoacylation by the cognate 

aaRS; (ii) ternary complex formation with elongation factor eEF1A and its free diffusion to 

ribosomes; (iii) tRNA recycling mediated by eEF-1B/C [206]. Using the mathematical 

formalism for describing the translation process [206], the mass balance is described by: 

 

where kcat and Km are the kinetic parameter of the aaRS for tRNA aminoacylation, [tRNA] and 

[aaRS] are the total concentration of a tRNA species and the cognate aaRS, respectively, f is 

the fraction of charged tRNA and kt is the rate constant of translation of a codon which is 

translated by a fraction of the ribosomes m. The left term in Eq. 1 depends on the aaRS 

enzymatic properties and the right term, 𝑟+ = 𝑘+[tRNA]𝑚, describes the rate of translation of 

a codon. Taking translation of Gly codons as example, under non-limiting Gly amino acid 

supply which is the case in balanced fed mammalian cells, kcat = 0.2-0.7 s-1 and Km = 0.28-

1.37.10-6 M for tRNAGly (the parameters were taken from the enzyme database BRENDA). 

Since the precise ribosome and total tRNA concentration for the specific tissue is unknown, 
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we used averaged values for a eukaryotic cell, i.e. 30-100 µM total tRNA concentration and 1-

10 Mio ribosomes/cell (https://bionumbers.hms.harvard.edu). Using the quantitative sets of 

HeLa and HEK293T tRNAs [207], [208], in a total tRNA concentration of 30-100 µM, the 

concentration of tRNAGly isoacceptors is 0.5-1.7 µM. The maximal concentration of the 

ribosomes which could simultaneously request all four Gly codons can be estimated from the 

cumulative Gly codon usage and is calculated to be 8.3x10-7 M. At steady state f=0.8, i.e. 80% 

of the tRNA is charged [209]. The concentration of GARS is estimated from its Km value to be 

0.5-2.4.10-6 M. Numerically solving Eq. (1) using kt for wild-type GARS, taking the mean values 

for all parameters, we obtained that the rate of translation (rt) and kt for Gly codons are 

rt=0.16x10-6 mol.l-1.s-1 and kt=0.22x10-6 s-1, respectively. The average waiting time for the 

ribosome for a cognate ternary complex at a codon is determined from: 

 

Solving Eq (2) for Gly codon results in 4.5 Gly codons/s. This result is consistent with the 

experimentally measured translation rate in eukaryotic cells (1-7 codons/sec). Since GARS 

mutations are heterozygous and assuming equal expression from both alleles, the average 

GARS concentration will be 0.8 µM wild-type GARS and 0.8 µM mutated GARS. The markedly 

slower tRNAGly release for L129P, C157R, G240R, and G526R GARS (i.e. Koff = ∞) from the 

dimers and monomers suggests at steady-state a full saturation of the mutant GARS. As a 

result, the mutant GARS will sequester 0.8 µM tRNAGly. To restore the function of the wildtype 

GARS counterpart, i.e. to reach the wild-type GARS translation rate of rt=0.16x10-6 mol.l-1.s-1, 

using Eq. 1 we model that the concentration of tRNA should be increased up to 1.9 µM, i.e. a 

raise of the total tRNAGly concentration by 1.7-fold is necessary. For the E279D and E71G, 

considering the dimer:monomer ratio and that the monomer only sequesters the tRNA, an 

increase of tRNA by 1.3-fold and 1.1-fold respectively would rescue these mutations. 

 

In vivo quantification of tRNAGly bound to GARS 

Brains from GarsC201R/+ mice and littermate controls were dissected and snap frozen. Frozen 

brains were grinded, subjected to UV-crosslinking at 254 nm, 400mJ/cm2 (UVP-TL-2000 

Translinker) after which lysis buffer (20mM Tris-HCl pH 7.4, 15mM NaCl, 1% NP-40, 0.1% 

Triton-100,0.5%SDC, 2mM DTT, protease inhibitor) was added. Protein-G-Dynabeads 

(Invitrogen) were coupled with GARS antibody mixture (rabbit polyclonal; 1:400; Abcam, 
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ab42905 and rabbit polyclonal; 1:200; Proteintech, 15831-AP) and incubated with the lysed 

tissue overnight at 4°C. Beads were precipitated by centrifugation and washed 

with buffer (20mM Tris-HCl pH 7.4, 100mM NaCl, 1% NP-40, 0.1% Triton-100,0.5%SDC,2mM 

DTT). The tRNA bound to GARS (co-immunoprecipitated with the GARS-antibodies-coated 

Dynabeads) was extracted with phenol:chloroform (Sigma) and subjected first to tRNA 

identification, followed by quantification. By this extraction the tRNA is completely 

deacylated. The identity of tRNAs bound to the immunoprecipitated GARS was determined 

by Northern blot using Atto565-labeled stoichiometric mixture of degenerated DNA 

oligonucleotides specifically recognizing the three tRNAGly isoacceptors with the following 

sequences: 5’-CCCGGGTCAACTGCTTGGAAGGCAGCTAT-3’, and 

5’GYCTCCCGCGTGGSAGGCGAG-3’. For quantification of the GARS-bound tRNA, we used Cy3-

labeled fluorescent stem-loop RNA/DNA oligonucleotide that ligates to the unpaired 3’-NCCA 

end of the tRNAsGly (5’pCGCACUGCdTdTXdTdTdGdCdAdGdTdGdCdGdTdGdGdN-3’). The total 

tRNA extracted from the immunoprecipitated GARS from GarsC201R/+ and WT mice, in five 

biological replicates (one wild type and one GarsC201R/+ brain per replicate), was ligated with 

the fluorescent oligonucleotide as described [208], loaded on 10% denaturing polyacrylamide 

gel and the fluorescent signals were quantified using ImageJ. GARS bound to the GARS-

antibodies-coated Dynabeads was quantified by the capillary electrophoresis 

immunoblotting system (Jess, ProteinSimple) using GARS antibody (rabbit polyclonal; 1:200; 

Proteintech, 15831-AP) as described previously [210]. A standard curve was obtained using 

purified wild type GARS. 

 

Ribosome profiling of GARS mice 

Spinal cord of three GarsC201R/+ and three WT littermate control mice were flash frozen and 

immediately lysed by grinding in 10mM Tris-HCL pH 7.4, 5mM MgCl2, 100mM KCL, 1% NP5, 

2% sodium deoxycholate. The lysates from three animals per genotype were pooled. 

Cycloheximide (100 µg/ml) was added to the sucrose gradient fractions when collecting 

polysomes to prevent ribosomal dissociation during RNase I digestion. The lysates from three 

animals per genotype were pooled. Isolation of mRNA-bound ribosome complexes, RNase I 

digestion-derived ribosome-protected fragments (RPFs) and the cDNA libraries from RPFs 

were prepared using a protocol for miRNA with direct ligation of the adapters [211]. 

Sequenced reads were trimmed using fastx-toolkit (0.0.13.2; quality threshold: 20), adapters 
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were cut using cutadapt (1.8.3; minimal overlap: 1 nt), and processed reads were uniquely 

mapped to the mouse genome (GRCm38) using STAR (2.5.4b) [212], allowing a maximum of 

one mismatch, with parameter settings: --outFilterMismatchNmax 1 --outFilterType BySJout 

–outFilterMultimapNmax. Uniquely mapped reads were normalised to reads per kilobase per 

million mapped reads (RPKM). To calibrate the RPFs, i.e. to determine position of the A-site 

codon within each RPF, the RPFs were binned into groups of equal read length, and each 

group was aligned via P site positioning over the start codon as described [200], [213], using 

the calibration tool: 

(https://github.com/AlexanderBartholomaeus/MiMB_ribosome_profiling) [214]. Briefly, 

bins were separately plotted to cover the initiation and early elongation (app. 300 codons). 

ribosomes spanning the start codon accommodate AUG at their P site, causing a 

characteristic drop in read density upstream of the start codon. For each bin length, we used 

this feature to determine the offset between the 5’ read end and the P site, and by adding 

3nt to the A site. We considered six bins (28-33 nt length) with the highest number of RPFs 

for calibration. Calibrated reads displayed a 3-nt periodicity indicative of genuine translation. 

Over all bins, the A-site codon occupancies were summed up on a transcript-specific manner 

and normalized on the transcript background, i.e. by the mean of randomized reads to 

consider differences in transcript abundance and codon frequencies across transcripts [200]. 

To directly compare the differences in the ribosome dwelling occupancy (frequency) at the 

A-site codon between GarsC201R/+ and WT control mice, the summed-up A-site codon 

occupancies across all transcripts for each species were then divided and presented as 

differential A-site codon occupancies. 

 

Site-directed mutagenesis 

Pet28-SUMO plasmid containing 6xHIS tag and SUMO tag with the wild type GARS, and 

mutant forms G240R and G526R were supplied by Erik Storkebaum’s Lab, Radboud University, 

Donders institute. Wild type plasmid was mutated to generate plasmids containing a variety 

of mutant forms of the GARS (E71G, C157R, L129P, and E279D).  

Forward and reverse strands were synthesised and ordered from Microsynth, with strands 

carrying mutation in the sequence. PCR mix was made (5x Phusion buffer, 10mM DNTP mix, 

10uM forward strand, 10uM reverse strand, 100ng WT plasmid, 0.6uL DMSO, 0.2uL Phusion 

DNA polymerase), and PCR was carried out to generate mutant plasmids: 95°C - 5min | 95°C 
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- 30s, 55°C - 30s, 68°C - 10min | x18, 68°C - 3min. Extension time at 68°C depends on the 

length of plasmid, 1min per kb. PCR products were DPNI digested for 1 hour and 30min at 

37°C. Plasmids were sequenced after mutagenesis to confirm correct incorporation of 

mutation into plasmid sequence. 

 

Generation of tRNA species through in vitro transcription 

Sets of DNA primers were designed based on the full length tRNA sequence to be transcribed, 

with the addition of the T7 promoter site (5’TAATACGACTCACTATA’3) on the 5’ end of the 

forward primer, ensuing primers have an approximate overlap of ~20nt. Primers for 

tRNAGlyGCC and tRNATyr were as follows: tRNAGly forward primer – 

5’TAATACGACTCACTATAGCATCGGTGGTTCAGTGGTAGAATGCTCGCCTGCCACGCGGGC’3 and 

reverse primer –  

5’TGGTGCATCGGCCGGGAATCGAACCCGGGCCGCCCGCGTGGCAGGCGAGCATTCTA‘3.  

Primer mix (100µM) was incubated with 0.2M Tris buffer pH 7.5 at 95oC and 5min at room 

temperature to anneal the overlapping primers. Annealed primers were then incubated with 

RevertAid H Minus Reverse Transcriptase (Thermo Fischer) with 5x RT buffer and 10mM 

DNTPs to fill out the annealed primers. cDNA was extracted via Phenol/Chloroform and 

precipitated from aqueous phase with 100% EtOH. cDNA was then mixed with NTP set 

(1.25mM final conc per nucleotide), GMP (final conc 10mM), 5X Transcription buffer (Thermo 

Fischer), and T7 RNA polymerase, and incubated at 37oC for 7hrs. Transcribed tRNA was then 

ran on a 10% polyacrylamide gel containing urea for 1hr at 20W. tRNA band was visualised by 

UV shadowing, and was then excised from the gel and eluted overnight in ‘crush and soak’ 

buffer (50mM KOAc, 200mM KCl pH 7). Gel pieces were pelleted via centrifugation and tRNA 

was precipitated with 100% EtOH.  
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4 - CMT-YARS mutant variants increased ribosome occupancy at Tyr 

codons 

 

The results from this Chapter are collaborative effort with Prof. Dr.  Erik Storkebaum, Radboud 

Universiteit, Netherlands to disentangle the underlying mechanism of DI-CMT pathology 

associated with mutations in YARS Drosophila larvae for ribosomal sequencing libraries were 

provided by Dr.  Storkebaum’s group. My contribution was to produce the sequencing 

libraries for ribosome profiling along with analysing in vitro kinetics and amount of bound 

tRNATyr to the YARS variants.  Deep-sequencing data analysis was carried out by Leonardo 

Santos, a PhD candidate in our group (figure 4.2, 4.3). Lysates from Drosophila also prepared 

for immunoprecipitation study of YARS:tRNATyr complex, which was carried out by myself 

(figure 4.4). 

 

4.1 - Introduction 

CMT related mutations are seen in multiple aaRS enzymes, and all show a similar phenotypic, 

axonal dystrophy [125]. Each aaRS is specifically tailored to bind to and charge their cognate 

tRNA with their respective amino acid, and while each aaRS can have specific interactions and 

activities that alter how it interacts with their ligands, ultimately the end result is the same 

with every aaRS, in creating the charged-tRNA pool for the cell. As such, it would logically 

follow that the effects we see in the data above for GARS should also be mimicked in systems 

that are expressing other CMT-aaRS mutations. Aside from GARS, YARS is the other aaRS that 

has been extensively studied in regard to CMT, with three prominent mutations characterised 

in giving rise to CMT in patients: two missense mutations, G41R, E196K, and a four codon 

deletion, 153-156DelVQKV (Shortened to 153DEL or YARS DEL from hereafter) [215], [216]. 

As is the case as well for GARS, most of the mutations for YARS are also gain of positive 

charges, which is the case for the missense mutations, whereas YARS DEL is a gain of a 

negative charge in the protein. YARS itself is a Class 1 aaRS, and exists as a homo-dimer in the 

cell, and uniquely among  Class 1 aaRS, forms a unique structure where the tRNA binds both 

dimers, at the active site of one unit and the anticodon binding domain on the other monomer 

unit forming a bridged architecture [217]. The catalytic domain of YARS carries out the 

activation of Tyr into the intermediate Tyr-AMP, and for transferring the amino acid onto the 
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3’CCA end of the cognate tRNATyr. The anti-codon binding domain recognises the cognate 

tRNA and stabilises the tRNA binding to the synthetase, structuring the tRNA into an ‘L’ shape 

as it binds both domains [218].   

The CMT type given rise by mutations in YARS is classified slightly differently than other CMT2 

axonal dystrophies, in that it gives rise to a rarer intermediate type, with both demyelination 

and axonal dystrophic phenotypes in patients, dubbed as dominant-intermediate type (DI-

CMT), so called because it has an NCV between CMT1 and CMT2 [215], [219]. Inherited in the 

same autosomal dominant manner, the symptoms can range from mild to severe, with similar 

symptoms as CMT1 or CMT2, such as muscle weakness and wasting, distal limb abnormalities, 

etc. In another similar fashion to GARS, loss of aminoacylation function is also not common 

among the described mutations, with E196K showing very little loss of aminoacylation 

activity, but one of the most severe phenotypes in patients. G41R in contrast is almost 

enzymatically dead, but shows a milder phenotype in patients [125], [215] compared to 

E196K, though stronger than the DEL mutation. All tested mutations here all hit directly inside 

the catalytic domain of YARS [220], yet despite this the impact on the aminoacylation activity 

ranges wildly between mutations. Again, this firmly demonstrates that the possible loss of 

function is not the underlying mechanism behind development of CMT, and another gain-of-

toxic function effect must be the underlying mechanism involved in the development of this 

disease. Somewhat contradictory, loss of overall translation and protein synthesis is common 

in Drosophila models expressing CMT-YARS [189]. If aminoacylation loss is not detectable or 

unifying between mutants, but there is significant translational reduction, then a different 

mechanism must come into play that couples together these seemingly contradictory notions. 

As was shown in the data above for GARS, this tRNA sequestration effect could also be the 

determining translational defect that may give rise to the CMT development in the cells. To 

test this, ribosome profiling libraries were generated from whole Drosophila larvae, either 

expressing WT, or one of the three mutant-YARS. Also, the same set of YARS variants were 

also expressed in larvae that were overexpressing tRNATyr to see if the additional tRNA copies 

inside the cells could help to alleviate and rescue any possible translational defects caused by 

the YARS CMT-mutants. 
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4.2 - Results and Discussion 

Initially, tryptophan quenching assay was also carried out for the YARS variants to see if a 

similar effect is seen with this aaRS, where there is a slow release of tRNA once bound to the 

synthetase. However, the kinetic assay gave a much more varied result, and did not follow 

the same expected pattern as before (figure 4.1a). Instead of a decrease in fluorescence with 

the binding of the tRNA and a reverse of this quenching once the tRNA was added, the 

opposite trend was seen. In regard to how this assay should work, this result makes little 

sense. However, Class I aaRS differ greatly compared to Class II aaRSs, as eEF1A binding and 

forming the complex with the aa-tRNA, is a necessary step to releasing the tRNA from the 

synthetase once charged. eEF1A (and EF-Tu in yeast) shows a higher affinity to Class I aaRS, 

and in fact shows low or no binding to Class II, potentially due to the fact that Class II aaRS 

bind to the major groove of tRNA, which is where eEF1A would typically bind [221]. In the 

experimental set up here, no eEF1A was added to the reaction, which means the aa-tRNA 

could not be released from the synthetase. This might explain the trend of the curves, but 

also means this experiment is unsuitable for this protein. eEF1A could be added, but the 

protein itself has its own intrinsic fluorescence and would likely interfere with the results. No 

YARS wild type variant is shown in this experiment, mostly due to problems in expressing and 

purifying the fully formed YARS protein, further highlighting that this experiment is potentially 

unsuitable for this protein. To at least try to show that the mutant YARS shows binding activity 

to the tRNA, an electrophoretic mobility shift assay (EMSA) was carried out using increasing 

concentrations of E196K and incubating it with tRNATyr (figure 4.1b). The decreasing tRNA 

lower bands into the upper bands clearly shows a shift in the tRNA on the gel and binding of 

the aaRS to the tRNA. Doublets of upper and lower bands are difficult to explain, though could 

be due to both monomeric and dimeric structures present in purified protein samples, with 

different kinetics of binding, as seen for GARS in chapter 3. This would shift tRNA differently 

on the gel if bound. Despite the quenching assay then not being appropriate for this protein, 

the EMSA gel shows clearly that the mutant has a binding capability to its cognate tRNA. 
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Figure 4.1 – CMT-YARS variants did not show typical binding/release kinetics in in vitro 

assay, but did show binding. 

 (A) In vitro tryptophan quenching plots for both the G41R and E196K variants of YARS. 

‘Binding curves’ show the initial reaction between the protein and tRNATyr. ‘Release curves’ 

generated after addition of ATP and Tyr amino acid to the reaction. Excitation = 295nm. 

Emission = 350nm. (B) Electrophoretic shift assay (EMSA) gel. Differing concentrations of 

E196K variant incubated with tRNA and applied onto non-denaturing gel. Shift of the lower 

band into the upper band with the increasing concentration of YARS indicates binding. Gel 

stained against nucleic acid with sybr gold. 

 

To continue to investigate the mechanism of CMT-YARS then, ribosome profiling libraries 

were prepared and analysed to look at the effect of the YARS variants on a codon specific 

level, as was done with the GARS mice mutant model. Cumulative translational expression in 

Drosophila containing any of the three YARS mutants, showed a decreasing trend (figure 4.2a) 

when compared with WT, further illustrating that the CMT-relevant mutant forms of the 

enzyme cause translational defects inside the cell, generally lowering the level of protein 

synthesis. When further expanding the analysis to look at Ribosomal occupancy on Tyr codons 

specifically, for the DEL and E196K mutants, we can see an increase in occupancy, which is 

rescued upon tRNATyr overexpression (figure 4.2b, 4.2c). YARS Del showed a ~20% ribosomal 

speed increase in samples overexpressing tRNA, while E196K showed a more modest increase 

A B 



 4 - CMT-YARS mutant variants increased ribosome occupancy at Tyr codons 

 

50 
 

of ~10%.  Both Del and E196K then worked as originally hypothesised, with both causing 

decreasing translation and slowdowns at Tyr codons, which can be rescued by tRNA. For G41R 

however, the opposite trend seems to be happening. While overall translation seems to be 

slowed down in the G41R condition compared to WT (figure 4.2a), this is not reflected when 

looking specifically at Tyr codon occupancy, which seems a lower trend then WT, and 

seemingly exacerbated by tRNA overexpression (figure 4.2c). 

  

 

Figure 4.2 – CMT-YARS variants showed increased ribosome occupancy at Tyr codons, 

except G41R mutant, which was rescued in overexpression models.  

(A) Cumulative expression graphs of sequencing reads from Drosophila expressing one of the 

indicated YARS variants– Insets show Wilcoxon rank-sum test. (B) Relative changes in 

ribosome occupancy of Tyr codons at the A site when comparing mutant YARS variants to wild 

type. Mutant YARS increases the frequency of Tyr codons at the ribosomal A site compared to 

the WT YARS. (C) Ribosomal occupancy rescue by tRNATyr overexpression. The overexpression 

increases the amount of available tRNATyr, reducing the frequency of the Tyr codon at the A 

site causing a decreased occupancy, indicating elongating ribosomes translocate through it 

faster. We compared the change of each variant overexpressing tRNATyr to the non-

overexpressing variant pair. 

A 

B 
C 
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When the reads are positioned specifically on A-site Tyr codons across the entire translatome, 

and after quantifying frequency of occurrence (figure 4.3) the data sheds light on why this 

might be the case. In this scenario for G41R, tRNA overexpression only brings the Tyr codon 

A site frequency to almost exactly WT levels, indicating that overexpression of tRNATyr 

seemingly has no beneficial or detrimental effect for this mutant, as the WT levels with no 

overexpression of tRNATyr should be treated a baseline level of occupancy at unaffected Tyr 

codons. The lowered A site frequency for G41R on its own though, is harder to explain, but 

could be due to variability in this specific sample. YARS Del (figure 4.3c) and E196K (figure 

4.3d), again, showed the expected trend, with tRNA overexpression reducing A-site Tyr 

frequency, indicating a speeding up of translation with increasing amounts of available tRNA. 

For E196K, the tRNA overexpression sample brings the A site frequency back to WT levels. As 

the E196K mutant sample on its own shows an increased frequency, this returning to 

‘baseline’ levels shows a beneficial effect for this condition then and a rescuing of the 

detrimental effect of the mutant on its own. For DEL, while the increased A site frequency for 

the mutant alone is only mild, the tRNA overexpression sample shows a more striking rescuing 

effect, as the A site frequency even decreases below WT levels, indicating much faster 

ribosome speeds through Tyr codons due to the increase of tRNATyr in the sample.  

To further elucidate this increased frequency and increased ribosomal occupancy at Tyr 

codons, an immunoprecipitation experiment was also carried out here, to see the affinity of 

the CMT-YARS variants to its cognate tRNA. Despite the varied effects from the previous data, 

all of the tested YARS mutants showed an increased affinity to tRNATyr above WT levels, as 

seen in an immunoprecipitation pulldown of YARS and tRNA (figure 4.4).  In this experiment, 

E196K showed the highest affinity to tRNA with ~90% increased ratio of bound tRNA to the 

protein. The E196K samples also showed the highest ribosomal occupancy in our data on Tyr 

codons, while studies have shown it to not be as enzymatically disturbed compared to other 

mutants[190], yet this variant shows a strong phenotype in patients. With all of these factors, 

it follows that E196K binds and sequesters the largest amount of tRNA, correlating to the 

stronger phenotype and largest decrease in translation in the cells.   
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Figure 4.3 – Cumulative plots of sequencing reads showing the ribosome dwelling frequency 

at and surrounding the Tyr codon across the entire translatome.  

Over expression of tRNATyr (red line on each graph) reduces the ribosomal frequency at the Tyr 

codons, compared to the non-overexpression of tRNATyr (grey line). This indicate a faster 

translation of Tyr codons when tRNATyr has a higher abundance. Comparison of each of the 

human YARS variants to its respective overexpression of tRNATyr sample and to the WT (blue 

line) was also carried out, as shown for WT (A) as well as for G41R (B), Del (C) and E196K (D) 

variants. The n values denotates the number of overlapping genes used for each comparison. 

This was to ensure equal translation context for each compassion surrounding the Tyr codon. 

P-values are calculated using the Mann-Whitney test. 
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Overexpression of tRNA then helped to alleviate the effects caused by this mutant. Tyr codons 

are one of the rarest in the human genome (Table 1.1), though surprisingly is a fairly abundant 

tRNA species, more abundant than tRNAs that have more frequently used codons [222]. 

Therefore, it is possible that for a stronger effect to be felt in the cells, the enzyme must show 

a much higher affinity to the tRNA. To then be able to effectively relieve the stalling effect, 

more tRNA must be used to buffer against the sequestration effect. In this way, it can be seen 

that the cell has a specific threshold it can withstand before an effect is properly acquired on 

the cell. 

 

 

 

 

 

Figure 4.4 – CMT-YARS variants had an increased binding affinity to its cognate tRNATyr. 

(A) Immunoprecipitation of YARS showed higher ratio of tRNATyr bound to CMT-YARS. tRNATyr 

bound to YARS in YARS:tRNATyr complexes quantified after immunoprecipitation from 

Drosophila larvae expressing WT YARS or indicated CMT-YARS variant. Data shown as ratio of 

tRNA bound to protein in each sample. WT ratio of tRNATyr /YARS complexes set to 100% for 

comparison. Error bars indicate SEM of n = 5 independent experiments. P value calculated 

from one-tailed t-test. (B) Expression levels of the endogenous Drosophila and human Tyrosyl-

tRNA synthetase genes (YARS), dYARS and hYARS respectively, for each YARS variant. 

 

For G41R, the protein’s enzymatic activity is drastically reduced[190]. Therefore it would 

require a much larger amount of tRNA to be able to effectively relieve any potential 

translational defects caused by the mutant YARS, as even though the equilibrium of the 

aaRS:tRNA can be shifted to better favour released tRNA, with no ability to charge the tRNA, 
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the cell is reliant on the endogenous, non-mutant YARS to keep up with demand of the cell to 

supply enough charged Tyr-tRNATyr. It is possible then that under certain situations, such as 

stress, periods of cell growth or repair where the translational and metabolic demand of the 

cell is perturbed, this reliance on the single non-mutant YARS may not be able to meet the 

cellular demands, leading to increased instability of the cell. 

 

4.3 - Conclusion 

CMT-related YARS mutants showed a very similar trend that was observed in the case of 

GARS. All tested YARS mutants showed a higher affinity to its cognate tRNATyr, and on a global 

level in a Drosophila model, all mutants reduced levels of translation occurring when 

compared to a wild type expressing sample. This follows previous data that shows the global 

protein synthesis is reduced in a CMT-aaRS context. tRNA overexpression also helped to 

alleviate this translation reduction, especially in regard to the E196K and 153DEL mutants. 

tRNA helped to speed up the ribosomes on Tyr codons, as would be expected if the 

sequestration effect is reducing the available tRNA pool in the cell. The effect here is milder 

than with GARS, and that could be for multiple reasons. Gly codons are more abundant, with 

a higher codon usage bias in humans. This is especially true for the GGC codon, which is also 

the codon showing the highest slowdown in our earlier mouse ribosome profiling data. In 

contrast to Tyr codons which are rarer. Also, YARS is a Class I aaRS where the release step of 

the aa-tRNA is already a limiting factor of the aminoacylation activity, and requires eEF1 to 

bind and pull the tRNA off of the synthetase [223]. Slowing this down by increasing the affinity 

of the tRNA to the synthetase might not have as dramatic an effect if this step is already slow 

as compared to other aaRSs. Either way, both E196K and 153DEL showed that increasing the 

tRNA amounts can help rescue the effect, even if more tRNA is required to overcome this 

buffered threshold. For G41R, as this variant is enzymatically inactive, it might simply be the 

case that additional tRNA might not be able to overcome the sequestration effect, as even if 

the protein releases the tRNA, it would not be charged, which means the endogenous WT 

form would need to overcompensate for this, which may be limited itself in its activity. It is 

also worth noting that this ribosome profiling experiment was carried in whole Drosophila 

larvae. As CMT disease specifically affects peripheral neurons and no other tissue, using whole 

organism lysates might mask any specific deleterious effect that the CMT-mutations have on 
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one specific tissue type, and also any beneficial effect that the tRNA overexpression might be 

causing. Moving forward, a model would need to be established to better test the CMT-YARS 

mutants, where the specific tissue type can be isolated and examined. 

 

 

4.4 - Materials and Methods 

Immunoprecipitation of YARS:tRNATyr complexes 

Immunoprecipitation of the YARS:tRNATyr complexes and their subsequent quantification and 

analysis, was carried out as previously described in Chapter 2. Each independent experiment 

was carried out with 8 snap-frozen larvae, either expressing WT human YARS or a CMT-YARS 

variant. Protein-G Dynabeads (Invitrogen) were coupled with two anti-YARS antibodies; 2µg 

each: Mouse monoclonal (Abcam, ab50961) and rabbit polyclonal (Bethyl Labs, # A305-064A) 

for the pulldown of the complexes. The sequence of the Cy3-labelled RNA/DNA 

oligonucleotide used for tRNATyr quantification is as follows: 5’-

pCGCACUGCdTdTXdTdTdGdCdAdGdTdGdCdGdTdGdGdN-3’. For the YARS protein 

quantification by the capillary electrophoresis immunoblotting system (Jess, ProteinSimple), 

mouse monoclonal antibody (Abcam, ab50961); 1:25 dilution, was used. 

 

Ribosome profiling 

Collection of Ribosomal protected fragments (RPFs) was carried out as previously described 

in chapter 3 [194]. Eight Drosophila larvae overexpressing each indicated YARS variant, were 

lysed together and pooled for each individual sample. Sequenced reads were depleted from 

adapter sequences and uniquely mapped to the Drosophila melanogaster (BDGP6.32) as 

previously described in [194]. Thereafter, the sequencing data were analysed as described in 

chapter 3. The direct comparison of the codon frequency at the ribosomal A site between 

each variant and the overexpression of the tRNATyr, was carried out by summing the codon 

occupancy of all transcripts for each species individually and presented as differential A-site 

codon occupancies. Cumulative plots were generated by selecting the intersection of stably 

translated genes between the samples in each comparison to ensure the same codon context. 

We centered the Tyr codons and expanded the selection 17 codons up and downstream of 

each Tyr codon. We excluded Tyr codons surrounded by additional Tyr, within the 36-codon 
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window, to avoid Tyr overrepresentation. P-values were calculated using the Mann-Whitney 

test calculated in R. The ribosome speed rescuing was calculated by comparing the increase 

or decrease of each variant with overexpression of tRNATyr to their respective pair without 

tRNATyr overexpression. 

 

YARS purification and Tryptophan quenching assay 

Purification of YARS variants and quenching assay were carried out as described in chapter 2. 

Pet-SUMO vector cloned to overexpress YARS WT, G41R, and E196K variants, and purified via 

affinity chromatography with Ni-NTA resin, followed by size exclusion chromatography on a 

Superdex 200 column.  Quenching assay was carried out as before with the same 

concentrations of YARS and in vitro tRNATyr.  

 

Generation of tRNA species through in vitro transcription 

Generation of tRNA was carried out as previously described in Chapter 2. Primers used to in 

vitro synthesise tRNATyr were as follows: 

forward primer –  

5’TAATACGACTCACTATACCTTCGATAGCTCAGTTGGTAGAGCGGTGGACTGTAGATCCAT’3 and 

reverse primer –  

5’TGGTCCTTCGAGCCGGATTTGAACCAGCGACCTATGGATCTACAGTCCACCGCTC’3.  

 

Electrophoretic shift assay 

EMSA gel was carried out using in vitro transcribed tRNATyr and purified YARS variants. tRNA 

was first folded by incubating tRNA in 450mM Tris-HCl(pH 7.5) buffer at 85oC for 3min. MgCl2 

was added to final concentration of 200mM and incubated at 37oC for 30min. 

Protein(concentration indicated per sample) was incubated alongside 1µM tRNA in 250mM 

sodium acetate buffer (pH 5.2, 5mM MgCl2), 5mM DTT for 30min at 37oc. Samples were ran 

on 6% non-denaturing PAA gel initially for 30min at 350v, then overnight at 120v, 4oC. Gel 

stained with Sybr gold nucleic acid dye (ThermoFisher).  
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5 – Length dependent decrease of translation along neurites is 

exacerbated in cells expressing CMT-GARS variants 

 

The smNPC cells used in this chapter were supplied by Andreas Hermann, Universität Rostock, 

Germany. He and the postdoc in the lab, Dr. Hannes Glaß, introduced me to the culturing and 

differentiation of the smNPCs into motor neuron cells.  

 

5.1 - Introduction 

Local translation at the distal ends of neurites, such as at the pre and post-synaptic ends in 

dendrites and axons respectively, is becoming increasingly understood to be vital in the 

maintenance and function of these specialised comparts of the neuronal cell [100], [101]. 

Importantly, the translation occurring in these distinct poles of the cell is measurably distinct 

from the translatome in the cell body, or somata of the neuronal cell. Distinct sets of genes 

are translated in these areas necessary for function, development, plasticity, transport, and 

more [224]. Even sets of ribosomal proteins are translated at the distal ends of neurites, to 

maintain dynamic exchange and repair of ribosomes situated at distinct sites of the neuronal 

cell [225]. As the neuron is a highly specialised cell with a unique structure that facilitates its 

function of passing along signals to other cells, this compartmentalised translation enhances 

the cells adaptability, and help overcomes logistical burdens of having to synthesis and then 

transport proteins down long stretches of the cell to get to sites where they are needed. 

Despite this necessary localised translation in the cell, the levels of translation happening in 

the distal ends of the neuron away from the somata, is not at a magnitude similar to the 

somata [226]. This seems to be due to the evidence that suggests that as you move distally 

away from the somata in the cell down to the distal regions, there exists a ‘gradient’ of 

translational machinery, with less ribosomes [101], translation factors [227], and even tRNA 

as the length of the neuron increases [228]. For the ribosomes, recent studies have shown 

that the neuropil compartment of mice hippocampal - the area of the hippocampus enriched 

in neurites – shown a significant lower quantifiable amount of 18S and 28S rRNA and 

ribosomal proteins in the neuropil, as well as fewer ribosomal proteins being actively 

translated [101], [225]. Neuronal cells have shown to have elongation and initiation factors 
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at dendrites as well as at post and pre-synapses, and typically these exists at a lower basal 

level than that of the somata, as would be logical for areas with lower amounts of relative 

translation [227], [229]. Though the neuron can adapt based on specific stimuli, with 

increased activity, or needs for growth, allowing the neuronal cell a degree of plasticity.  

 

In regards to our findings with CMT in that GARS and YARS seem to sequester their cognate 

tRNA, reducing the available pools of tRNA in the cell; it could be possible that this is causing 

an aberrant effect on the local translation happening in the neuronal cells. The axonal 

dystrophy forms of CMT progresses in a length dependent manner, with the distal ends of 

neurons, such as at the neuromuscular junctions, dying first. This leads to a ‘dying back’ 

phenotype, with a continuous cycle of distal end death, and regrowth, with the neurons 

becoming progressively smaller, leading to loss of motor and sensory function in patients 

[230]. Why mutations in ubiquitously expressed enzymes, such as the aaRSs, would only 

target and cause defects in neuronal cells is not well understood, especially with no unifying 

mechanism found between all of the different disease-associated mutant forms of these 

enzymes. This length dependency then, seems critical in the progression and development of 

CMT in the neuronal cell, as no other cell type in the body would experience this extreme 

amount of polarisation. If this structure of the cell is the weak point that is targeted in the 

CMT context, then it could be that disruptions in local translation play a pivotal role in the 

development of this disease. tRNA sequestration by the CMT-aaRS then may cause specific 

aberrant effects in the local translation happening at the distal ends of the neuron, specifically 

by this sequestration having a disproportionate effect on the already limited tRNA pool in the 

distal neuron. To test this, SH-SY5Y cells - a neuroblastoma cell line - were differentiated into 

a neuron-like, branched phenotype [231]. The levels of translation occurring at different parts 

of the cell can be measured by a puromycin-integrated assay, an antibiotic that integrates 

into the peptidyl-transfer centre of the ribosome can becomes bound to the nascent chain 

peptide. This can be stained against with antibodies and relative translational activity can be 

measured [228]. 
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5.2 - Results & Discussion 

 

Undifferentiated cells Two days in RA Five days in RA Nine days in RA 

    
Two days in maturation  

media 
Six days in maturation 

media 
Nine days in maturation 

media 

   
Figure 5.1 – Differentiation of SH-SY5Y cells into a branched, neuronal-like phenotype. 

Utilising retinoic acid, and mild media starvation to prevent neuroblastoma cells from 

continually growing, the cells were differentiated and matured into a neuronal-like cell after 

18 days. This procedure allows cells times to properly mature. Images acquired from a light 

microscope taken at 10x magnification. No scale bars shown.   

 

SH-SY5Y cells were successfully differentiated into a distinct, branched phenotype resembling 

a mature neuronal cell (figure 5.1). The differentiated cells were transfected with either GARS 

wild type, or one of the CMT-GARS mutants and treated and stained against the integrated 

puromycin (figure 5.2a). Neurite tracing of the images after staining showed a decreasing 

trend of relative translation happening as the length of the neurite increases (figure 5.2b) 

consistent with our understanding that while local translation is indeed occurring at the distal 

ends, it is in a much lower quantity than the level of protein synthesis happening at the 

somata. 
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Figure 5.2 – Cells transfected with CMT-GARS variants showed a length-dependant decrease 

of translation. 

(A) SH-SY5Y cells were differentiated, transfected with different GARS variants, treated with 

puromycin, and then stained with both Dapi for imaging the nucleus, and an anti-puromycin 

antibody. Images taken at a magnification of 40x. Scale bar = 44.1µm. (B) Neurite tracing 

plugin for ImageJ was used to acquire intensity profiles. Images were selected based on a 

number of criteria: Clear beginning point, with the neurite extending from the somata of the 

cell, a low amount of other neurites crossing the measured neurite as this might obscure data 

and prevents knowing which direction measured neurite keeps extending towards. Finally, 

path of the neurites must not be crossing or overlaid with background fluorescence given off 

by either cell debris, or antibody that was not adequately washed away from plate. Neurites 

of a distance of 170µm+ were only chosen. Distance calculated by pixel length given from scale 

bar. (C) Averaged intensity profiles from n=10 images for each condition. Plots show SEM at 

each data point on graph. Intensity of each profile was background subtracted from three 

independent points taken, and then normalised against the first point of each profile, to give 

a relative fluorescence normalised against intensity given from somata of the cell. Linear 

regression plotted on each point, with slope of the line indicated on each plot. (D) Bar plot 

showing only the intensities from 141µM to 170µM+, essentially showing only the distal ends 

of each plot. 

 

When comparing all the CMT-GARS conditions against the GARS WT transfected, almost all 

variants showed a steeper decreasing trend of translation at the distal ends, with the slope of 

the curve showing a downward trend as the length of the neurite increases, all of which is 

more pronounced than wild type (figure 5.2c, d). The exception being E71G and H418R 

variants. E71G, as seen previously in our other experiments with GARS, consistently shows a 

more ‘wild type-like’ phenotype, consistent with its milder clinical outcome and slow 

progression in patients, which is also the case for H418R. This results then show a clear 

relation between the CMT-GARS and a disruption of the local translation happening at the 

distal end, possibly caused by the sequestration of tRNAGly. To see if this is happening in the 

cell body or the neurite itself, the distribution of the GARS variants was also tested by staining 

for the endogenous GARS or the transfected GARS variant via a 6xHis tag (figure 5.3). The WT 



 5 – Length dependent decrease of translation along neurites is exacerbated in cells expressing CMT-GARS variants 

 

62 
 

GARS seems to be fairly well distributed in the cell, with most if not all of the neurites stained 

with both the endogenous (anti-GARS) and the transfected (Anti-His). The mutant variants 

seem to show slightly different distribution patterns. E71G for example seems mostly 

localised at the cell body, while other mutants seem to be equally distributed, such as S211F 

and E279D. Interestingly, E71G and H418R show the greater tendency to localise to the cell 

body rather than the neurites; both variants which cause the least amount of translation 

defects in the distal end (figure 5.2d). As there is more protein synthesis happening in the cell 

bodies, and by extension more tRNA and other translational machinery, sequestration of 

tRNA in this compartment of the cell would not engender the strongest effect caused by a 

perturbation in the tRNA pool. However, if the CMT-GARS is distributed more evenly across 

the cell and towards the distal end, then the enzyme is free to bind and sequester tRNA in 

areas of the cell which would be more susceptible to decreasing quantities of tRNA available 

for local translation. This may explain the decreasing trend of translation happening in the 

distal ends as seen in figure 5.2c, d, a trend that depicts what could be a leading cause behind 

the development and progression of the disease in the neurons. 

As has already been established in the previous chapters, addition of excess tRNA can help to 

reverse some of the phenotypes and severity of CMT in models. This is likely due to the 

reversal of translational defects caused by mutant forms of the aaRS. To this end, smNPC 

(small molecule neural progenitor cells), an iPSC derived neuronal stem cell [232], were 

differentiated into a motor neuron like phenotype, transfected with GARS variants, and then 

also transfected with equimolar concentrations of all tRNAGly species (CCC, GCC, TCC). smNPCs 

have the advantage over SH-SY5Y cells, as they are more similar to a primary cell, expressing 

the correct neuronal markers and phenotypes that a primary cell tissue type would also 

express, whereas SH-SY5Y cells spark controversy on whether proper dopaminergic markers 

are appropriately increased upon differentiation [233]. A sequencing experiment was also 

carried out on differentiated SH-SY5Y cells, grown on a transwell, cell plate inserts to allow 

separation between the somata and neurite compartment. While the cells do indeed 

differentiate into a branched phenotype, they don’t seem to properly express motor neuronal 

markers, or properly localise well known axonal mRNA species such as CamkIIa (figure 5.4a, 

b). 
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Figure 5.3 – CMT-GARS variants show different distribution pattern to WT GARS.  

SH-SY5Y cells were differentiated and transfected with various constructs expressing different 

variants of GARS (indicated above images). After 48hr of expression, cells were stained with: 

anti-puromycin and anti-GARS antibody, as well as Dapi stain for nucleus imaging. 

Magnification set at 40x. Scale bar = 44.1µm.  
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Figure 5.4 – Differentiated SH-SY5Y cells did not show a clear separation between somata 

and neurite compartments, or specific neuronal markers.  

Sequencing data of differentiated SH-SY5Y cells, grown on a Transwell permeable cell 

membrane to allow for separation of somata and neurite fraction. Library preparation carried 

out as previously described in chapter 2. Two conditions were laid out, wild-type GARS 

transfected, and one transfected with a CMT-GARS variant. (A) Correlation graphs between 

different conditions and different compartments. Threshold set at value of 1 (blue line). Above 

(dark red) or below (dark blue) the line indicates overexpressing genes in either condition as 

donated by the axis. R2 value shown in top left of graphs. (B) RPKM values for His3 and CamkIIa 

in both samples, and in either RNA-seq or ribosome profiling data. Analysis carried out by 

Leonardo Santos.  

 

Taken together then, the decision was made to swap to these smNPC cell lines to have a 

better representative model to test our hypothesis. After differentiation, smNPCs displayed 

a similar branched phenotype (figure 5.5a). Puromycin integration assay carried out on 

matured neurons also showed that in smNPCs a similar trend is seen in the cells not 

transfected with tRNA as seen in the SH-SY5Y (figure 5.5c, d), with decreasing translation 

A 

B 
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towards the distal end of the neuron. WT and E71G are still roughly equal as well, further 

showing the recapitulation of the trend. The effect is somewhat subtler in smNPCs, though 

this could simply be due to the fact that smNPCs, being a terminally differentiated motor 

neuronal cell, might be generally metabolically slower than that of SH-SY5Y cells. Cells with 

higher proliferation rates generally need to maintain higher levels of protein synthesis to 

meet demand  [234], which a neuroblastoma cell-line such as SH-SY5Y would certainly meet 

that criteria. smNPC cells were also co-transfected with tRNAGly, though initially a trial 

transfection was carried out with fluorescently labelled tRNA to ensure tRNA can be efficiently 

transfected into the matured smNPC cells (figure 5.5b). With confirmation of tRNA 

transfectability into these cells, tRNAGly was then transfected into mature smNPCs, of all 

three codons (GCC, CCC, TCC). With the addition of the tRNA, overall translation in the cells 

was vastly improved (figure 5.5d), with some mutant conditions showing an almost doubling 

of relative translation levels.  While many mutants show an increased translation levels with 

the addition of excess tRNAGly, the levels of improvement varied. L129P and E71G showed the 

greatest increase amount the mutant variants, along the lines of the increase seen in the WT. 

However, G240R showed only a limited increase, while E279D showed no improvement. Of 

the mutants tested here, L129P and G240R have been shown to suffer aminoacylation loss in 

vitro [188], however for G240R this is not recapitulated completely in a Drosophila model 

[189] with G240R only showing a reduction as compared to WT, and I have seen no evidence 

that L129P has yet been tested in a proper in vivo model [235]. E279D has also yet to be tested 

in either an in vitro, or In vivo model. In could be possible that E279D has a complete loss of 

aminoacylation activity, since as we have seen in our data, this mutant consistently performs 

among the worst of the CMT-GARS variants, with higher amounts of translation reduction at 

the distal neurons, and increased holding rates of tRNA in our kinetic assays. While enzymatic 

activity is not a good indicator for disease onset, it could potentially be a limiting factor in 

how effective tRNA is in rescuing the effects the mutant incurs on the cell. The G41R mutant 

in our YARS data also behaves similar to this, where in that scenario the enzyme is 

enzymatically inactive, so it would require a much greater amount of tRNA to overcome the 

effect. Here it could be the same, as if E279D is inactive, it would require a larger amount of 

tRNA to compensate for the sequestration effect, allowing the endogenous, unmutated GARS 

to charge more tRNA to increase the available amount in the tRNA pool.  
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Figure 5.5 – smNPCs were successfully differentiated into a branched phenotype, and 

showed a length-dependant decrease of translation in neurites, rescued by tRNA. 

(A) Differentiation of smNPC into peripheral motor neurons. Downstream experiments carried 

out on cells after fourteen days in maturation media, once the cells have formed a dense, 

neuronal network. Images acquired from a light microscope at different magnifications. No 

scale bar shown. (B) Transfection of SH-SY5Y cells with Fuse-It-mRNA (see materials and 

methods) kit with fluorescently labelled tRNA with Cy3 bound oligo. Magnification set at 20x. 

Scale bar = 66.4µm. (C, D) smNPC cells were differentiated into motor neuronal cells. 

Puromycin integration assay carried out as described previously for SH-SY5Y cells. Cells were 

stained against puromycin, and neurite tracing was carried out as before. Independent 

samples were also co-transfected with equimolar concentrations of tRNA-Gly for all three 

anticodons (GCC, TCC, CCC) at concentration of 250nM each.  Cells were treated with 

puromycin 48hr post-transfection. Neurite profiles were analysed as described above. 

 

5.3 - Conclusion 

Length dependent degradation of motor and sensory neurons begins at the distal end of the 

neurons, causing a slow ‘dying back’ and receding from neuromuscular junctions [230]. Here, 

I show that there is a reduction of transitional rate in a neuronal cell, in a length-dependent 

manner. In other words, translation is lower in the neuronal cell the further you move away 

from the somata.  While this is to be somewhat expected, as there is a ‘gradient’ of 

translational machinery down the neurite track, the effect is more pronounced in cells 

expressing CMT-GARS variants. The sequestration of tRNA by the mutant GARS could then be 

having an aberrant effect on the distal translation. While there currently is little evidence for 

how tRNA is transported around the neuronal cell, tRNA can move bi-directionally in both 

antegrade and retrograde directions [228], with demonstratable slower motility inside the 

dendritic and neurite processes. This slower motility may make it more difficult to maintain 

adequate levels in areas of high translational load, and when perturbed, could have a drastic 

effect on translational levels in the cell. GARS also seems to be distributed throughout the 

entire neuron as well (fig 5.3). Together, this could mean that CMT-GARS can bind and 

sequester tRNA at the distal ends of neurons for longer stretches of time. This perturbation 

of an already low number of tRNA could have a more pronounced effect on translation in the 
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distal areas, which is exactly what my data shows. Some of the GARS variants showed a much 

more pronounced reduction than others, with some of the most severe forms of the diseases 

showing the strongest trend downwards, and vice versa with the milder forms also being 

closer to the wild type, such as E71G. Both age of onset for CMT2D and disease severity 

correlate fairly well with our data and how the earliest onset and more severe forms of the 

disease show the lowest levels of translation at the distal end [125], [236], demonstrating 

fairly clearly that this length dependent aberrant translation, seems to play a large role in the 

disease development. 

 

5.4 - Materials and Methods 

Differentiation of neuroblastoma cell line, SH-SY5Y into branched neuronal-like phenotype 

Differentiation: Protocol used from Shipley et al, 2016, with minor alterations [237]. SH-SY5Y 

cells (passage number between 10-15) were split onto fresh plates in differentiation media 

#1 [EMEM media, 2.5% heat-inactivated FBS (ThermoFisher), 2mM L-glutamine, 1% 

Pen/Strep, 5µM all-trans RA (Sigma)]. Cells grown for seven days, changing media to fresh diff 

media #1 every other day. On seventh day, cells were split 1:1 with 0.025% trypsin-EDTA onto 

new plate. A day later, media was changed to differentiation media #2 [EMEM, 1% heat-

inactivated FBS, 1% Pen/Strep, 2mM L-glutamine, 5µM RA] and cultured for 3 days.  

Plate coating: ECM coated plates were prepared by incubating coating media [F12 media, 

human fibronectin (Sigma, 1:1000 dilution), 0.3mg/mL collagen (Corning), 1% BSA, 1% 

Pen/Strep] on plates at 37oC overnight (For microscopy studies, glass slide was added into the 

plate and also coated. For separation of somata and neurite fractions, 75 mm Transwell 

permeable support (Corning) was coated). Media was aspirated off in the morning and left to 

dry for ~30min before adding cells.  

Maturation: Cells were split again in trypsin-EDTA 1:1 onto coated plates in diff media #2. The 

next day, media was changed to differentiation media #3 [Neurobasal plus media 

(ThermoFisher), 1% B-27 supplement (ThermoFisher), 20mM KCl, 2mM GlutaMax 

(ThermoFisher), 50ng/mL BDNF (BioZol), 10ng/mL NGF-β (ProspecBio), 1mM Db-cAMP (Santa 

Cruz Bio Technology), and 5µM RA]. Cells were cultured for 8 days, changing the media for 

fresh diff media #3 every other day. Cells then ready for downstream experiments. For 
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transfection of cells with pcDNA construct containing GARS variants, Lipofectamine 2000 

(ThermoFisher) was used, following manufacturers protocol with no changes.  

 

Puromycin integration and immunocytochemical staining of cells 

Protocol used from Koltun, et al, 2020 with minor alterations [228]. After cells were fully 

differentiated, they were incubated with 1µg/mL puromycin (StemCell Technologies) for 

10min at 37oC. Cells washed with 1x PBS and then fixed in a 4% paraformaldehyde solution in 

PBS for 10min at room temperature. PFA aspirated and cells washed once in PBS and stored 

in PBS until subsequent ICC staining.  

Cells were first permeabilised with 1% Triton X-100 in PBS (PBS-T) for 5 mins shaking. This was 

repeated three times. Blocking buffer [10% FBS, 0.3% BSA, 1% Triton X-100, in PBS] added to 

cells and incubated shaking for 1hr at room temperature. Primary antibodies in fresh blocking 

buffer was added to the cells and incubated overnight at 4oC, shaking. Cells were washed 

three times in PBS-T, and incubated with secondary antibody in PBS-T for 1hr at room 

temperature. Cells washed three more times in PBS-T, twice in only PBS. DAPI stain at a 

concentration of 1µg/mL in PBS was added to the cells and incubated for 1min. Cells washed 

twice more with PBS and mounted onto glass slides for microscopy.  

Antibodies used in this study were:  

Primary: Anti-puromycin 1:10000 (Merck, MABE343), Anti-GARS 1:1000 (Abcam, ab42905), 

Anti-His 1:1000 (Abcam, ab18184).  

Secondary: Donkey anti-mouse alexa fluor 568 IgG 1:500 (ThermoFisher), Goat Anti-Rabbit 

alexa fluor 488 IgG 1:500 (ThermoFisher).  

The plasmids used to transfect the cells used in this chapter were provided by Prof. Dr. E 

Storkebaum, Radboud Universiteit. All GARS variants used in this section were mutated from 

this original plasmid, as previously described (Chapter 3).  

 

Imaging of neuronal cells and single neurite tracing 

Images were acquired on a Leica fluorescent microscope, at 40x magnification or 20x, 

depending on the experiment (detailed in figure legend). At 40x magnification, 1 pixel = 

167.7nm.  

After image acquisition, for measurement of translation in neuron, the ImageJ plugin ‘Simple 

Neurite Trace’ was used. Images were first grey-scaled, and intensity profile of anti-puromycin 
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channel was taken by tracing the neurite from the beginning of the neurite (where it pinches 

off from the somata) to the distal end. Measurements given in pixel colour intensity at 

individual pixel distance along neurite. Blank measurements were also taken for each image 

and subtracted from the total intensity of the neurite profile. Distance bins were made (e.g, 

141-150µm) for ease of comparison by averaging intensity between these regions of the 

profile data. Averaged intensity was normalised to very first reading of the neurite for each 

individual image, indicating the maximum fluorescence of the cell closest to the somata. 

Intensities across all images of a single condition were averaged between the distance bins 

and SEM was also calculated.  

 

Differentiation of small molecule neural progenitor cells into mature neurons 

smNPC cells were supplied by Prof. Dr. Andreas Hermann, Universität Rostock, Germany. Cells 

were differentiated following the protocol from Reinhardt, et al, 2013 [232] with minor 

alterations.  

Expansion: Cells were expanded and maintained in expansion media [50% DMEM/F12, 50% 

Neurobasal plus, 1:200 N2 supplement (ThermoFisher), 1:100 B27 supplement without 

vitamin A (ThermoFisher), 1% Pen/Strep, 1% L-glutamine, 150µM ascorbic acid (AA), 0.5µM 

purmorphamine (PMA, StemCell), 3µM CHIR99021 (CHIR, StemCell)] changing media every 

other day with fresh expansion media. Cells always cultured on poly-laminin coated plates.  

Cells were split 1:2 or 1:3 every ten days. Cells were split with pre-warmed Accutase 

(ThermoFisher) for 15min at 37oC. Cells were pelleted at 300g for 5min.  

Plate coating: Poly-laminin coating [5g/mL laminin (Sigma), 10µg/mL poly-l-ornithine 

(Thermofisher), 1% Pen-Strep]. Was made up in PBS. Coating mix was added to plates at a 

concentration of 0.2-0.5µg laminin per cm2. Plates were sealed with parafilm and left 

overnight at 4oC. The next day, coating was aspirated from the plate and dried for 15min 

before plating cells.  

Differentiation and maturation into motor neurons: Cells split onto freshly coated plates. 

Three days later, media was changed to differentiation media [50% DMEM/F12, 50% 

Neurobasal plus, 1:200 N2 supplement (ThermoFisher), 1:100 B27 supplement without 

vitamin A (ThermoFisher), 1% Pen/Strep, 1% L-glutamine, 1µM PMA]. Two days later, fresh 

differentiation media was added to the cells, supplemented with 1µM RA. Media changed 

every other day for eight days, with freshly supplemented RA. On the ninth day, media 



5 – Length dependent decrease of translation along neurites is exacerbated in cells expressing CMT-GARS variants 

  

71 
 

changed to maturation media [50% DMEM/F12, 50% Neurobasal plus, 1:200 N2 supplement 

(ThermoFisher), 1:100 B27 supplement without vitamin A (ThermoFisher), 1% Pen/Strep, 1% 

L-glutamine, 10ng/mL BDNF (BioZol), 10ng/mL GDNF (PeproTech), 10ng/mL NGF- β 

(ProspecBio), 500µM Db-cAMP (Santa Cruz Bio Technology)]. Following one day in maturation 

media, cells were split, counted, and split onto final plate. For imaging analysis, 6-well plates 

were coated with a glass slide in each well, with 250,000 cells per well. Cells were cultured in 

maturation media for fourteen more days, changing the media every other day. 

 

Fuse-It-mRNA and DNA transfections 

For transfecting smNPCs with pcDNA carrying GARS variants and different species of tRNAGly, 

Fuse-It-DNA and Fuse-It-mRNA kits were used (Beniag) following manufacturers protocol. For 

transfecting plasmids into the cell, 5µg was used per well of a 6-well plate.  For tRNA 

transfection, 750ng of tRNAGly was used which consisted of a mix of three tRNAs in equimolar 

concentrations: tRNAGly-GCC, tRNAGly-TCC, tRNAGly-CCC. Cells that were transfected with both DNA 

and tRNA, the DNA transfection was carried out first. The cells left to recover for 4 hours after 

transfection, and then tRNA was transfected in. Downstream experiments carried out 48hr 

post-transfection.   

 

Generation of tRNA species through in vitro transcription 

Generation of tRNA was carried out as previously described in Chapter 2. Primers used in 

generation of tRNAGly species were as follows: 

GCC: 

Forward: 5’ TAATACGACTCACTATAGCATGGGTGATTCAGTGGTAGAATTTTCACCTGCCATG ‘3 

Reverse: 5’ TGGTGCATAGGCCAGGAAATGAACCTGGACCTCCTGCATGGCAGGTGAAAATTCTA ‘3  

TCC 

Forward: 5’ TAATACGACTCACTATAGCGTTGGTGGTATAGTGGTTAGCATAGCTGCCCTC ‘3 

Reverse: 5’ TGGTGCGTTGGCCGGGAATCGAACCCGGGTCAACTGCTTGGAAGGCAGCTATGC ‘3 

CCC 

Forward: 5’ TAATACGACTCACTATAGCATTGGTGGTTCAGTGGTAGAATTCTCGCC ‘3 

Reverse. 5’ TGGTGCATTGGCCGGGAATTGAACCCGGGTCTCCCGCGTGGGAGGCGAGAATTCTAC 

‘3  
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6 – C9Orf72ALS-associated G4C2 repeat regions caused ribosomal 

queuing behind start codon 

 

This work was carried out in collaboration with Prof. Dr. Ya-Ming Hou and members of her 

group at the Thomas Jefferson University, USA. I preformed ribosome profiling with different 

constructs provided as plasmids by the group of Dr How. After transformation of the plasmids 

in SH-SY5Y cells I performed ribosome profiling (or Ribo-seq). Data analysis of the Ribo-seq 

were performed by Leonardo Santos, a PhD candidate in our group.   

 

6.1 - Introduction 

Repeat-associated non-AUG (RAN) translation occurs on the C9orf72 gene, leading to the 

translation of dipeptide repeat proteins (DRPs) [145]. Translation occurs in all three frames 

when the ribosome initiates at the non-canonical start codon on this repeat region, leading 

to the translation of Poly-Glycine-Alanine (PolyGA), Poly-Glycine-Proline (polyGP), and Poly-

Glycine-Arginine (PolyGR) leading to cytotoxicity inside cells [132]. For this to occur, the 

ribosome must shift its frame of translation beginning at the non-canonical start. Highlighting 

this, recent data has heavily implicated the ribosomal protein RPS25 in the mechanism of IRES 

entry and initiation for RAN translation to occur, and knocking down this protein drastically 

reduced Poly-GA and Poly-GR protein production in other frames of repeats [238]. Showing 

quite specifically that RAN translation is indeed what leads to the production of DPRs from 

multiple frames on the C9Orf72 mRNA. How this frameshifting occurs in the context of the 

C9Orf72 gene is not understood. One potential possibility could be that collisions are 

occurring on the transcript between the Pre-initiation complexes (PiCs) and allowing the 

ribosome to be ‘pushed’ into different frames. Ribosomal collisions have been reported to 

induce frameshifting on the ribosome, if the quality control pathway has not been properly 

engaged to deal with the aberrant stalls [239]. Also, initiation at these non-canonical codons 

(CUG) has also been shown to be much more inefficient and slower than at the canonical AUG 

[240], taking longer for the ribosome to be fully engaged and shifted into its elongation phase. 

As there is evidence that the repeat region also acts as an IRES [141], there could potentially 

be a scenario then that the 40S ribosome is recruited directly to the RAN site, wherein it slowly 

begins initiation to translate the repeat region, producing DPRs. At the same time, a more 
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‘canonical’ cap-dependent initiation event could have occurred, sending a PiC scanning along 

the mRNA. These two ribosomes could collide, or lead to ‘queuing’ of the ribosomes, and 

force the ribosomes into different frames on the transcript, allowing production of the 

multiple DPRs from different reading frames on the repeat region. Either way, the production 

of these DPRs is heavily implicated in cellular toxicity and the progression of  

neurodegenerative diseases, and has even been implicated in the development of other types 

of neurodegenerative diseases, such as Huntington’s diseases  [174]. This demonstrates that 

understanding how these DPRs are produced, and how frameshifting occurs to produce the 

whole array of DPRs available, is necessary to fully understand the mechanism of this disease.  

To test for this frameshifting, SH-SY5Y cells were transfected with different constructs, either 

with a canonical AUG start codon, or in its place a RAN associated CUG codon, or AGG. On the 

endogenous C9Orf72 mRNA transcript, a CUG non-canonical codon is within an ideal kozak 

sequence in position -24nt relative to the repeat and seems to be the major factor in 

triggering RAN translation [145], whereas the AGG is at position -15nt and not in a kozak 

sequence. This AGG, while playing some role in RAN translation of the repeats as a near-

cognate initiation codon [241], [242], does not seem to play as important a role as the CUG 

[154] allowing it to be used as an ideal negative control. Ribosome profiling libraries can be 

used in this scenario to see exactly where the ribosomes are translating, where the frame of 

translation can also be determined. This will inform us whether the frame of translation is 

being altered more acutely on the constructs with the non-canonical start codons, and if we 

can detect queuing or collisions of PiCs behind the start codon. Two other conditions were 

also used: the addition of extra Met-tRNAiMet to the cells, and also treating the cells with 

harringtonine. Addition of excess, charged Met-tRNAiMet to the cells may increase the 

formation of PiCs as it is needed in the formation of the ternary complex at the beginning of 

initiation [9]. Harringtonine is widely used to stall ribosomes in initiation at the start codon, 

preventing the ribosome from transitioning into the elongation phase [243]. Both of these 

conditions should increase the ribosome coverage at the start codon and upstream of it, 

allowing us to get a better understanding of how the scanning and initiation ribosomes are 

behaving in the context of C9Orf72ALS. 
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6.2 - Results and Discussion 

Single-ended, ribosome profiling libraries from all conditions were generated. Harringtonine 

treatment successfully resulted in stalling of ribosomes at the start codon across the entire 

coding sequence in all samples (figure 6.1b, 6.1c), seen by accumulation of reads at start 

codon, depletion of reads across the coding sequence, and primarily a shortened read length. 

Reads were mapped to the construct and then calibrated to their 5’ most nucleotide on each 

individual read (figure 6.1d) providing a clearer visualisation of accumulation of reads at 

individual points on the construct, such as at or upstream of the start codon, or at and near 

the G4C2 repeat region. For the AUG -tRNA-Harr condition (AUG denoting start codon identity; 

“-tRNA” for whether tRNAiMet was co-transfected into the cells, and “-harr” for whether 

harringtonine was used), we see a good coverage of the plasmid, with reads mapping to the 

entire length of the sequence, both upstream and downstream of the start codon. This was 

to be expected, as AUG is the canonical start codon and should allow for proper initiation and 

elongation to occur on the sequence. However, when the constructs contain either a CUG or 

AGG start codon at the same position, the amount of reads across the construct decreases. 

Both CUG and AGG, while they can be used for RAN translation, are both inefficient initiation 

sites for the ribosome in comparison to AUG. This may reduce the number of mappable reads 

to the construct as the majority of ribosomes simply scan past the CUG/AGG codon, fail to 

initiate, and then fall off the construct, preventing us from capturing it on the sequence when 

carrying out ribosome profiling.  

Reads on the construct were also calibrated to the 5’ most nucleotide and mapped to the 

upstream region of each construct (figure 6.2). In this analysis, we can see whether there are 

clusters of reads occurring in the upstream region of the start codon. Different clusters would 

indicate different things, such as reads immediately upstream of the start codon - from the 

start to -30 nucleotide position - would indicate reads associated with ribosomes initiating at 

the start codon. 
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Figure 6.1 – Reads from ribosome profiling were successfully mapped to constructs, with 

notable accumulation at G4C2 repeat regions.  

(A) Plasmid construct with the alternate start codon position highlighted, as well as the length 

of G4C2 repeat region. (B) Polysome profile of sample treated with or without harringtonine, 

showing the effect harringtonine has on reducing polysomes and enriching monosome 

fraction. (C) Coverage plot from sequencing reads from sample treated with harringtonine. 

Start codon and stop codon positions shown. (D) Reads from sequencing libraries were 

mapped to the transfected construct, then calibrated to their 5’ most nucleotide. Read count 

was plotted across the entire sequence of the construct. Green dotted line indicates the start 

codon of the plasmid, and the black dotted line is the GC-repeat region just downstream of 

the start codon. 

 

Reads between positions -90 and -60 may indicate PiCs that are scanning towards the start 

codon and possibly queued, or stalled behind the initiating ribosome. And reads at the 

beginning of the sequence, around position -170, are PiCs that have just touched down on 

the sequence and are, or will begin to scan along the transcript. Noticeable clusters of reads 

upstream of the start codon are seen in some constructs (figure 6.2). Sequences which were 

co-transfected with additional Met-tRNAMet (CUG +tRNA -harr, CUG +tRNA +harr, and AGG 

+tRNA +harr) all show an increased clustering at the furthest upstream position, around -170 

nucleotides from the start codon. This shows that the addition of excess initiation-tRNA does 

help to enhance formation of PiCs, though this increased number of scanning complexes does 

not seem to translate into an increased quantity of initiating ribosomes, further highlighting 

the inefficient initiation of the CUG and AGG codons. The addition of harringtonine was 

effective in enriching ribosomes at the start sites while depleting elongating ribosomes across 

the entire transcriptome of the cells (figure 6.1c and figure 6.3a, b), but it did not lead to an 

enrichment of initiating ribosomes at the start site on this construct at either CUG, AGG, or 

even AUG. 

 

 



6 – C9Orf72ALS-associated G4C2 repeat regions caused ribosomal queuing behind start codon 

  

77 
 

 

 

Figure 6.2 – Read clusters show possible accumulation of ribosomes behind the start codon, 

and at the beginning of the transcript. 

Reads from all samples were plotted upstream of the alternate start codon on each plasmid 

(designated on each graph). Positions are shown as -nt relative to the start codon, and read 

lengths of each individual mapped reads are also indicated. Nucleotide positions around -30nt 

would indicate a ribosome initiating at the start codon if read length is between 20-30nt. 

Increased read lengths further upstream of the start codon might be an indicator for queued 

or collided ribosomes on sequence. 
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In a number of the samples there are peaks of the read counts at the beginning and end of 

the GC-repeat regions. This may be indicative of stalling at the GC region, as these repeat 

regions are prone to forming G-quadruplex structures that will stall ribosomes as they are 

unable to bypass the highly structured region. However, sequencing of highly repetitive 

regions is difficult, as reads that map to multiple sequences, be them on the transcript of 

interest or elsewhere, are generally discounted as it is impossible to know exactly where the 

read originally comes from. The fact that these read peaks are only at the beginning and end 

of the GC-repeat region is a cause of this, as the flanking regions around the GC-repeat will 

give unique reads that won’t multimap to multiple sites in the genome. This makes it difficult 

to ascertain whether these are indicative of stalling ribosomes, or simply an artefact in the 

sequencing data. DPR products also activate the ISR response in cells through their 

aggregation of necessary factors. It could also simply be a limitation of these procedure that 

the cells become stressed once DPR production is increased, which shuts down the level of 

protein synthesis and the number of ribosomes on mRNA transcripts [242]. This build-up of 

DPRs, which in turn misfold and cause ISR activation, could be a general feature of C9-ALS 

phenotypic development in neuronal cells. 

Reads in each library were also positioned to the P site - possible due to the fact that libraries 

were generated from ribosomal protected fragments (RPFs) – and then mapped to both the 

entire transcriptome as well as the construct in each condition (figure 6.4). The positioning 

can then inform us of which frame each individual read was in, allowing comparison between 

different genes inside the same condition. Comparing the transcriptome to the construct 

frames can inform us on whether there is a deviation of the frames on the construct as 

compared to the entire transcriptome inside the same sample, as the frame distribution 

inside the transcriptome would be what the cells endogenously exist and express. As seen in 

the data here, most of the conditions had a similar distribution of frames between the 

construct and the transcriptome. 
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Figure 6.3 – Harringtonine treatment successfully depleted elongation ribosomes and 

accumulated reads at start codons across transcriptome. 

(A) Reads mapped to the entire human transcriptome and calibrated to the P site (20-25nt 

and 28-32nt) for AUG -tRNA +harringtonine. (B) Reads mapped to the entire human 

transcriptome and calibrated to the P site (20-25nt and 28-32nt) for AUG -tRNA –

harringtonine. 

A 

B 
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Figure 6.4 – Most conditions showed no difference in frame coverage between construct 

and transcriptome in samples.  

Frameshift analysis of all conditions. Reads were computed to the P site, and then the 

abundance of reads in each frame (-1, 0, and +1) on either the entire transcriptome or 

specifically on the construct were taken. For the transcriptome frames, the mean of frames 

across all genes from the sequencing libraries was taken, generating a much more extensive 

list of data for each individual frame in the cell. For the conditions ‘CUG +tRNA +harr’ and ‘AGG 

+tRNA +harr’ no construct frame data was available as read depth on the construct was too 

low. 
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This indicates that no significant frameshifting is occurring in the sample, as the frames are 

distributed in a similar fashion across the endogenous transcriptome. The notable exceptions 

are the ‘CUG +tRNA -harr’ and the ‘AGG -tRNA +harr’ conditions. In the former, there is a 

sizeable shift in the reading frame into the +1 frame. This would align with our hypothesis of 

ribosomes queuing up and ‘pushing’ the leading ribosome into a different frame. Though 

when looking at the plots from figure 6.1 and 6.2, there does not seem to be a queuing up of 

ribosomes directly behind the start codon, and instead a build-up right at the beginning of 

the transcript, most likely the position where the ribosome ‘touches down’ on the mRNA. It 

could be that in this position the ribosomes are still queuing up and forcing frameshifts, but 

this specific clustering is only seen in samples with excess met-tRNAiMet which means this does 

not entirely match with the endogenous activity inside the cell. Also, as seen in all data, 

coverage on the construct was low, especially when attempting frame analysis. This 

discrepancy between the construct read coverage and the transcriptome, may go to explain 

some of the deviations between the construct and transcriptome frame data.  

 

6.3 – Conclusion 

While we can detect clustering of reads upstream of the start site, we cannot distinguish 

whether they originate from scanning, queuing, or initiating ribosomes, making drawing solid 

conclusions from the current data difficult. And while we can see possible accumulation of 

reads around the G4C2 repeat region flanks on the construct, a number of factors limit how 

much we can conclusively take away, as reads cannot be assigned in the main body of the 

G4C2 repeat region due to the limitations of ribosome profiling in this context.  Coverage 

across the constructs with a CUG or AGG start codon was decidedly low, especially in 

comparison to the construct initiating with the canonical AUG codon. This limits our ability to 

firmly state whether PiCs are queuing or stalling behind the initiating Ribosome. The 

harringtonine treatment, despite enriching Ribosomes at the start sites across the entire 

transcriptome, failed to do so on our constructs, which would have helped confirm the 

accumulation of colliding or queuing PiCs. Also, as the coverage was low, frameshift analysis 

was not conclusive enough to see whether the Ribosomes, after initiating, were in fact being 

pushed into different frames of translation. 
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6.4 - Materials and Methods 

In vitro charging of tRNAiMet with MARS 

Charging of Met-tRNAiMet was carried out as follows: First 20µg of tRNAiMet was denatured by 

incubating at 85oC for 3 minutes. 10X AA buffer [200mM Tris-HCl pH 7.5, 2ßßmM KCL, 200mM 

MgCl2, 100mM DTT] was added. The reaction was then cooled at room temperature for 5 

minutes and the following were added to the indicated final concentrations: 0.625mM ATP, 

0.2mg/mL BSA, 0.5mM methionine, 160pmoles MARS. Final reaction volume brought up 

100µL in H2O. Incubated at 37oC for 15 minutes to charge the tRNAiMet.  

 

Ribosome profiling of SH-SY5Y cells 

Ribosome profiling of SH-SY5Y cells carried out as previously described in chapter 2. 

Undifferentiated cells were grown to 70-80% confluence on 15cm cell culture plates before 

lysing and subsequent RNaseI digestion and RPF isolation. Cells transfected utilising 

lipofectamine 2000 reagent (ThermoFisher) following manufacturers protocol with 20µg of 

plasmid containing construct containing one of the start codons (figure 6.1). 20µg of charged 

Met-tRNAiMet was co-transfected alongside plasmid. Harringtonine treatment was carried out 

48hrs post-transfection by adding harringtonine directly to cell plate to a final concentration 

of 2µg/mL and incubated at 37oC for 10mins. Reads mapped to the construct and the entire 

transcriptome for each individual condition. Reads were calibrated to the P site or the 5’ most 

nucleotide, depending the experiment.   
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7 – Discussion 

 

In this work, we set out to uncover and understand the molecular mechanisms underlying the 

neurodegenerative disease Charcot-Marie-Tooth disease, and investigate the frameshifting 

mechanism occurring in the C9Orf72ALS context. Both of these are debilitating, progressive 

diseases of which, especially for CMT, the molecular mechanisms underpinning the disease is 

still poorly understood. By utilising deep-sequencing approaches and a raft of molecular 

biological assays, we could come at these topics from a unique angle that help further our 

understanding of how these diseases initially manifest and progress. For CMT, our work 

provides evidence for a unique, gain-of-function effect for two CMT-related proteins, GARS 

(Chapter 3, and Chapter 5) and YARS (Chapter 4). Both of these proteins show a very similar 

effect in different models and conditions, providing strong evidence for our tRNA 

sequestration hypothesis. And for our work with C9-ALS (Chapter 6), while there was a 

number of limitations in our work, we have developed a strong starting point for further 

investigation, and have devised an analytical method for observing how ribosomes and the 

pre-initiation complex acts upstream of the start codon in regards to queuing of ribosomes 

before initiation at the canonical or non-canonical start codon. These two diseases were 

chosen as they both have a unique translational link: CMT specifically has an interesting 

translational link in that specific subtypes of the diseases are caused by mutations in 

translational necessary enzymes: the tRNA-aminoacyl-synthetases [244]. And for C9-ALS, the 

translational link is clear, as there is a necessity for di-peptide repeat proteins to be translated 

in a specific, non-canonical way and in multiple frames for the disease to develop [132]. Our 

approach then shows great promise in providing clear evidence of the development causes 

of these diseases, especially for CMT. Other neurodegenerative diseases, such as 

Huntington’s disease, Fragile X syndrome, Vanishing white matter, and many others [161] 

could all benefit from this approach as all have demonstrable translational links [168], [176], 

[182]. Neurodegenerative diseases provide a unique problem in regard to how they affect 

neuronal cells specifically, especially when disease-related mutations are in genes which are 

ubiquitously expressed and necessary for general cell function, such as is the case for aaRSs 

in CMT. Trying to understand how the unique structure and function of neuronal cells are 
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specifically affected by these disorders, is key to understanding their development and 

progression.  

 

7.1 - Charcot-Marie-Tooth disease 

The length dependent degradation of motor and sensory neurons is the classical physiological 

symptom of CMT2 development in patients [230], with the neurons slowly dying and receding 

starting from the distal ends, such as the neuromuscular junctions. In the above data, I 

attempt to reconcile this phenotypic symptom with a possible molecular mechanism, 

causative of this disease. From the evidence gathered, we can see the mutant forms of GARS 

and YARS - both clinically relevant proteins for the development of CMT in patients – display 

a higher affinity to their cognate tRNA. As a consequence, this leads to a slowing of the 

ribosome at Gly and Tyr codons, respectively, as the ribosome sits ideally waiting for a tRNA 

to enter the A site so it can continue elongating. This sequestration effect thus leads to 

translational slowdowns at the respective codon. This could potentially be the leading cause 

of this disease progression. As previously discussed, CMT seems to target lower motor and 

sensory neurons specifically [115], which are the longest neurons in the body. Local 

translation at the distal sites of these neurons needs to be strictly maintained in order to 

properly maintain function and homeostasis at these sites [97]. Perturbance of this would 

lead to neuronal instability, and lead to the progressive dying back phenotype. The 

translational effects we see in our data, however, is fairly subtle, with no indications of 

outright protein synthesis shutdown or ribosomal stalling occurring. This is perhaps not 

surprising, given the disease context. CMT is a slowly progressing disease, where patients can 

live with it for a long time, even decades, depending on the mutation. If this sequestration 

effect caused a complete shutdown of protein synthesis, then the disease would be outright 

lethal, with cells being unable to develop and function from the outset. This is perhaps 

underscored by the fact that the majority of patients are Heterozygous for this disease [120], 

and homozygous models are difficult if not impossible to produce in mice depending on the 

mutation. P278KY homozygous mice are non-function at birth, and C157R homozygous mice, 

while could be born, died soon after [195], [245]. Generally homozygous mutants produced 

more severe phenotypes, such as central nervous system dysfunctions.  Therefore, the effect 

must be subtle, but deleterious enough in the long term to cause gradual instability. While 
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specific genes would still need to be looked at and observed to see exactly the identity or 

types of genes that are mostly affected, any short-term study that doesn’t look at this effect 

in a longer timeframe, allowing for the progressive disease to build up and cause more 

noticeably effects, would likely see no strong change. Either way, the benefits of seeing what 

genes are mostly disrupted would again lead to further understanding the development of 

this disease. More specifically, isolating the distal neuronal compartments form the somata 

to then analyse the local translatome and transcriptome of the distal neurons as compared 

to the somata, and in the context of CMT, would be invaluable. An analysis of codon 

occupancy or ribosomal stalling in the distal neurite compared to somata would also provide 

further evidence to this hypothesis of tRNA sequestration having an aberrant effect on local 

translation. 

The benefit of this sequestration hypothesis is that it is a unifying mechanism that can better 

explain why this disease progresses, more so than other ideas in the current literature that 

try to explain a universal cause of this disease. Some of the major hypotheses currently being 

proposed involve: Neomorphic binding functions via interactions with HDAC6, mitochondrial 

dysfunctions, or disrupted noncanonical functions of the CMT-aaRS. Mutant GARS in 

particular has been shown in studies to have a number of aberrant binding partners, possible 

due to the changed binding sites from altered open conformation states [246]. One of these 

interactions is the reported interaction with HDAC6, the α-tubulin deacetylase enzyme [129]. 

While acetylated tubulin is found scattered across the microtubule network and leads to 

stability, deacetylated α-tubulin is necessary for the dynamic function of the transport 

network, especially in places of growth such as growth cones [247]. Interruption of this 

function by GARS could disrupt the transport network in the neuronal cell.  

Another current hypothesis is that mitochondrial dysfunction could be an underlying cause 

or marker for CMT development with patient samples carrying GARS mutations showing 

disrupted mitochondrial function [248]. Mitochondrial dysfunctions have been shown related 

to other forms of CMT, such as with GDAP1 mutants [249], and mitochondrial distribution, 

density, and function inside axons and dendrites is coupled directly to neuronal health [250]. 

However, mutations linked to CMT in YARS and GARS are not tied directly to mitochondrial 

function. YARS has separate genes for the mitochondrial form and the cytoplasmic form, and 

none of the CMT-related mutations hit the mitochondrial gene. Also, while GARS is unique in 

that a single gene codes for the mitochondrial and cytoplasmic form, none of the CMT-
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mutants also hit in the N-terminal mitochondrial targeting sequence [251]. While this means 

that the mitochondrial form might still harbour some of the mutants, the fact is this feature 

cannot be shared across both aaRS related to CMT.  

Some aaRSs have acquired noncanonical functions, such as angiogenesis, post-translational 

modifications, or the ability to be secreted from the cell to carry out extracellular functions, 

for example activating immune cells to release inflammatory cytokines in the antiviral 

response [252], [253]. GARS itself can be secreted from macrophages and exhibits anti-

tumorigenic activity [254]. Separate studies have shown that both AARS and GARS have an 

aberrant binding to Neuropilin1 (Nrp1) – a receptor protein that typically binds to its ligand 

partner, vascular endothelial growth factor (VEGF) – and outcompetes VEGF for the binding. 

Nrp1 is needed for axon guidance and cell body growth and migration of neuronal cells, and 

disruption could lead to many defects in neuronal cell, and VEGF signalling is thought to 

protect neuronal cells from damage [246], [255]. While the tRNA sequestration hypothesis 

does not directly contradict these other models, the major issue with these hypotheses so 

far, is that not all of these interactions occur for all CMT-related mutants, and some of these 

are specific to one CMT-aaRS or another, leading to a still lack of a unifying mechanism to 

adequately explain the disease progression. For example, YARS also has its own Neomorphic 

binding partners in TRIM28, which can lead to sequestration of TRIM28 and activation of DNA 

damage repair genes, but this seems unique to YARS [256]. Of course, in this work 

sequestration of tRNA still needs to be seen for other proteins, such as HARS and AARS, but 

there is compelling evidence for it occurring in two contexts across many mutant variants of 

the proteins. One interesting line of enquiry that has yet to be explored fully, is the 

involvement - or lack thereof – of the Multi-synthetase complex (MSC). This is a protein 

complex with multiple aaRS bound together, supported by a number of accessory proteins, 

that form a structure that helps to channel charged aa-tRNA to the ribosome, thereby 

increasing translation efficiency [257], [258]. Interestingly, none of the CMT relevant aaRSs 

are known to associate to the MSC, instead being free to travel independently in the 

cytoplasm [20]. This has a number of interesting connotations when taking the sequestration 

of tRNA into account. Does the MSC help to prevent any sequestration effect by channelling 

elongation factors to bind to and associate with the Class I aaRS inside the MSC in higher 

affinity to better remove charged tRNA from the aaRSs? [259], [260]. Also, does the fact that 

the CMT-aaRSs are free to travel in the cell, mean they are more able to travel to distal areas 
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of the neuronal cell and sequester tRNA at these sensitive sites? All could be relevant paths 

to better understanding how this molecular mechanism develops. Specifically, trying to 

disrupt the MSC, or disrupting the association of one specific aaRS to the MSC and instead 

making it free in the cytoplasm, consequently seeing if this could lead to development of CMT-

like symptoms, might be strongly indicative of the importance of this complex.  

Finally, we also showed here that tRNA overexpression rescues the deleterious effects of the 

mutant forms of both GARS and YARS, with a rescuing effect on Ribosomal occupancy, and 

reversing some of the phenotypic effects of the disease as seen in mouse and Drosophila 

models. Importantly, we have shown that addition of excess tRNAGly caused an increase in the 

amount of relative translation at the distal end of the neurites, highlighting that tRNA could 

potentially be a therapeutic agent for treating this disease.  Similar in that works need to be 

done to see what gene sets expression is being mostly disrupted due to the sequestration of 

tRNA, works also needs to be done to see on a translational level, what specific effect the 

additional tRNA is having to counter the CMT phenotype. As we are treating with only one 

type of tRNA species, such as tRNATyr or tRNAGly, then it follows that genes containing mostly 

that specific codon would benefit the most from addition of tRNA to decode that specific 

species.  

 

7.2 - C9Orf72 mediated ALS/FTD 

The translation of the di-peptide repeat proteins from all of the frames in the C9orf72 gene 

are a precursor to disease development [143], with each DPR having specific toxic effects on 

the cell [147]. As had been shown in studies and discussed above, frameshifting of the 

ribosome at or near the repeat region is the cause behind the translation of all of these DPRs 

from different frames. How this occurs is then vital to fully understand the mechanism of this 

disease. In the work here, we wanted to investigate whether ribosomes ‘queuing’ at initiation 

on non-canonical codons is facilitating the frameshifting to occur, through an as of yet not 

well understood mechanism of the queuing or stalled ribosomes, being able to ‘push’ the 

leading ribosome into different frames. While ribosomes can have difficulties translating 

repeat heavy regions [261], as discussed above, evidence of C9Orf72 suggests that the 

frameshifting must be occurring before the ribosome encounters the repeat region. Studies 

have also shown that ribosomal collisions can alter frames of the leading ribosome in bacterial 
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models [262] and in eukaryotic cells [239], [263], though this is only for two elongating 

ribosomes, and little has been shown in regard to pre-initiation complexes, or initiating 

ribosomes. Thus, while there is ample evidence to suggest frameshifting can occur due to 

colliding ribosomes, whether it is occurring in the specific context of RAN translation on non-

canonical initiation codons is largely unknown. 

The results from the sequencing analysis from the different C9 conditions revealed some 

interesting information, though limitations in this are apparent. First, from the coverage data, 

we can see indications that the addition of the excess tRNAiMet enhances the formation of 

PiCs on the transcript, as seen by the greater amount of reads at the 5’ most end of the 

construct. This would be expected, since charged tRNAiMet is necessary for the formation of 

the ternary complex, which precedes the assembly of the rest of the pre-initiation complex. 

Excess amounts can thus lead to more PiCs forming and attaching to mRNA transcripts. 

However, despite this, on the CUG and AGG constructs, the read coverage of the transcripts 

was fairly low, especially as compared to the construct carrying the AUG start codon. Initiation 

at the non-canonical start codons is known to be more inefficient than AUG [240], which is 

logical as the cell would generally not favour random and uncontrollable initiation to keep 

occurring. This has the consequence though of depleting our analysis of usable reads. 

Scanning is a faster process than elongation as elongation involves more complicated steps, 

such as translocation of the ribosome, tRNA selection, and decoding which in itself involves 

the movement and interactions of eEF1, and peptide bond formation. Whereas PiC scanning 

is merely a process of inspection by tRNAiMet on the mRNA. Estimates for scanning speeds 

vary, from 8-9nt/s [264] to upwards of 60-100nt/s, depending on whether you are referring 

to ‘net’ scanning rate, or single codon triplets [265]. Elongation rate on the other hand lies 

somewhere between 3aa/s to 5.6aa/s [266], [267] in eukaryotic cells with an initiation time 

of around ~25s on the AUG start codons. Meaning that if the PiCs are not initiating properly 

on the non-canonical start codons, then it simply scans through and falls off the sequence and 

doesn’t allow their coverage to be properly captured in our setup. This inefficient initiation is 

seen in the +harringtonine samples which should force ribosomes to stall at initiation [268], 

but instead sees no major increase of stalled ribosomes at the non-canonical start codons. 

This lack of read depth on our construct unfortunately limits how much we can conclusively 

draw from the data, and how much we can deduce about any possible frameshifting 

occurring. Interestingly though, we see in our data that there is an accumulation of reads at 
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the G4C2 repeat regions. These regions could form rigid secondary structures, akin to a G-

quadruplex structure, a four stranded structure that is notoriously difficult for the ribosome 

to scan through [269], [270]. Surprisingly, the accumulation of reads at these regions does not 

disappear after harringtonine treatment, which should be the case if these are elongating 

ribosomes, unless some of the ribosomes scanning through this section are dramatically 

slowed down enough that they persist even after pulsing the cells with the antibiotic. Since 

previous studies have indicated that frameshifting is occurring before the repeat region in a 

C9Orf72 context, this would indicate that these reads are from elongating ribosomes that 

have effectively stalled in the repeat regions. This might be supportive of the repeat region 

acting as an IRES sequences with the ability to recruit ribosomes directly, and the 

scanning/initiating ribosomes coming from upstream of the repeat region could then collide 

and force the ribosome into a different frame. However, one issue with this is that, mapping 

reads from repetitive regions is difficult, since generally when mapping reads you remove 

reads that multi-map to multiple regions. Repeat regions, by nature are of course repetitive, 

meaning many of the reads in this region may be lost due to multi-mapping to other GC rich 

regions. This is an unfortunate limitation that is difficult to overcome, outside of increasing 

the fragment lengths used in the sequencing library generation. 

Overall, our data indicates that excess tRNAiMet aids in the formation of PiC formation on 

transcripts, and that this analysis we have set out is adequate to properly investigate the 

queueing of ribosomes at the start codon, and whether this can lead to the frameshifting of 

ribosomes on the transcript. To move forward, the experimental setup would need to change 

to better accommodate the retrieval of mRNA fragments protected by the PiC. Recently 

studies have shown that chemical crosslinking of the scanning complex to the mRNA using 

formaldehyde can be used effectively in this manner, and would be a good approach to move 

forward with this work [271]. Also, for a molecular assay to test for the frameshifting in 

different conditions, a triple-reporter construct can be generated, that expressions one of 

three fluorescent reporters in each frame. This would be a good way to see if excess PiC 

formation can force the ribosome to undergo more frameshifting, evidencing the ‘pushing’ 

hypothesis further. 
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7.3 - Conclusion 

The work carried out during this project, especially in regard to our worked carried out for the 

Charcot-Marie-Tooth disease, has uncovered a novel mechanism underlying the development 

of this disease. We have utilised and shown the effectiveness and versatility of tRNA as both 

a potential therapeutic agent in the rescuing of CMT phenotype. And importantly, shown that 

investigating the translational landscape of the cell in regard to neurodegenerative disease, 

is both vital, and a useful pool of information in uncovering the exact mechanism behind their 

development. While questions are still unanswered in both disease contexts, we have built a 

strong foundation on to which more experiments and investigative paths can be taken. One 

other necessary point for the continuation of this work, is that in regard to neurodegenerative 

diseases, the importance of the unique structure and organisation of the neuronal cell cannot 

be understated. When it comes to diseases that specifically hit a certain cell type with 

mutations in proteins that are seemingly necessary for general cellular function, then the 

question must be asked about what makes that cell type unique amongst all the others. In 

the case for CMT here in this study, we can begin to build a case that the structure and the 

length, both corroborating with the disease phenotype, plays a major role in the disease 

mechanism. This idea can be further extended when looking at other diseases. Huntington’s 

is another disease that toxicity from DPRs produced via RAN translational plays a role in its 

development [177]. Perhaps an approach to understanding how these DPR aggregates affect 

local translation at specific points in the neuronal cell could be a bountiful line of inquiry. 

Fragile X syndrome could also make use of this approach, looking specifically where on the 

neurites that sequestered RNA or dysregulated expression is causing the greatest instability. 

While the work here for C9-ALS unfortunately ran into some unforeseen limitations, we have 

set a solid basis of understanding for how to approach this question of frameshifting of the 

ribosome. We have also uncovered a unique molecular mechanism underlying Charcot-

Marie-Tooth disease by looking and considering the direct effect the protein has on a 

translational level, both generally and in a site-specific manner in the compartmentalised 

neuronal cell. We have also shown that tRNA could act as a therapeutic agent for the potential 

treatment of this disease. 
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9 - List of hazardous substances 
 

The table below provides an overview about the substances which were used during this 

thesis. They are characterized by GHS pictograms, signal words, hazard and precautionary 

statements.   

  

Substance Pictogram Signal word 
Hazard 

statements 
Precautionary 

statements 

2-[4-(2-hydroxyethyl)piperazin-
1-yl] 

ethane-sulfonic acid (HEPES) 

 Not a dangerous substance according to GHS 

2-Mercaptoethanol  

 

Danger 
301+331, 310, 315, 
317, 318, 373, 410 

 

273, 280, 
302+352, 
304+340, 

305+351+338, 
308+310 

Acetone 
 

Danger 225, 319, 336 

201, 
305+351+338, 

370+378, 
403+235 

Acrylamide/Bisacrylamide 
 

Danger 
302+332, 315, 
317, 319, 340, 
350, 361f, 372 

201, 261, 280, 
304+340+312, 
305+351+338, 

308+313 

Agarose  Not a dangerous substance according to GHS 

Ammonium acetate  Not a dangerous substance according to GHS 

Ammonium persul- 
fate 

 

 

Danger 
272, 302, 315, 

317, 319, 334, 335 

220, 261, 280, 
305+351+338, 

342+311 

     

Ampicillin 
 

Danger 
315,317, 

319,334,335 

261, 280, 
305+351+338, 

342+311 

Bromophenol blue  Not a dangerous substance according to GHS 

Cycloheximide  
 

Danger 
300, 341, 360D, 

411 
202, 264, 270, 273, 

280, 301, 310 
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CHIR99021  Danger 300, 315, 319, 335 301, 310 

Chloramphenicol 
 

Warning 351 280 

Chloroform 
 

Danger 
302, 331, 315, 319, 

351, 361d, 336, 
372 

261, 281, 
305+351+338, 311 

Creatine phosphate  Not a dangerous substance according to GHS 

D-Glucose  Not a dangerous substance according to GHS 

Dimethyl sulfoxide  Not a dangerous substance according to GHS 

Dimethyl sulfate  

 

Danger 
301, 314, 317, 330, 341, 

350 

201, 280, 
301+330+331, 

302+352, 
304+340, 

305+351+338, 
308+310 

Dithiothreitol 
 

Warning 302, 315, 319, 335 
261, 

305+351+338 

Ethanol 
 

Danger 225, 319 

210, 240, 
305+351+3

38, 
403+233 

Ethylenediaminetetraacetic 
acid  

Warning 319, 332, 373 

280, 304+340, 
312, 

305+351+3
38, 

337+313 

Folinic acid 

 

Danger 315, 317, 319, 334, 335 261, 280, 
305+351+338 
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Substance Pictogram Signal word Hazard statements 

Precautio
nary 

statem
ents 

     

Formamide 
 

Danger 315, 360D, 373 201, 314 

Glycerol  Not a dangerous substance according to GHS 

Glycine 
 

Warning 315, 319, 335 
261, 

305+351+3
38 

Hydrogen peroxide (30%) 
 

Danger 302, 318 

280, 
305
+35
1+3
38, 
313 

Imidazole  

 

Danger 360D, 302, 314 

201, 280, 
301+330

+331, 
305+351

+338, 
308+310 

Isopropyl alcohol 
 

Danger 225, 319, 336 

210, 233, 
240, 

305+351
+338, 

403+235 

Isopropyl β-
Dthiogalactopyranoside  

Warning 319, 351 
281, 

305+351+3
38 

L-(+)-Arabinose  Not a dangerous substance according to GHS 

LB-Agar  Not a dangerous substance according to GHS 

LB-Medium  Not a dangerous substance according to GHS 

Magnesium acetate  Not a dangerous substance according to GHS 

Magnesium chloride  Not a dangerous substance according to GHS 

Monopotassium glutamate  Not a dangerous substance according to GHS 

Nickel NTA Resin [Thermo 
Fisher] 

 Not a dangerous substance according to GHS 
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N-Methylisatoic anhydride 
 

Warning 315, 319, 335 
261, 

305+351+338 

p-Coumaric acid 
 

Warning 315, 319, 335 
261, 

305+351+338 

PEG 8000  Not a dangerous substance according to  GHS 

Phenol  

 

Danger 
301+311+331, 314, 

341, 373, 411 

260, 280, 
301+330+3

31+310, 
303+361+3

53, 
304+340+3

10, 
305+351+3

38 

Phosphoenolpyruvate  Not a dangerous substance according to  GHS 

Potassium acetate  Not a dangerous substance according to  GHS 

Potassium chloride  Not a dangerous substance according to  GHS 

Potassium dihydrogen 
phosphate 

 Not a dangerous substance according to  GHS 

Purmorphamine 
 
 

Not a dangerous substance according to  GHS 

Puromycin-
Dihydrochloride  

Warning H302 
P301 + P312 + 

P330 

RedSafe  Not a dangerous substance according to  GHS 

Sodium acetate  Not a dangerous substance according to  GHS 

Sodium azide  

 

Danger 300+310, 373, 410 

273, 280, 
301+310+330, 
302+352+310, 

391, 501 

Sodium chloride  Not a dangerous substance according to  GHS 

Sodium dodecyl sulfate  

 

Danger 
228, 302+332, 315, 

318, 335,  412 

210, 261, 280, 
301+312+330, 
305+351+338

+310, 
370+378 
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Substance Pictogram Signal word 
Hazard 

statements 
Precautionary 

statements 

Sodium hydrogen phosphate  Not a dangerous substance according to  GHS 

Spermidine 
 

Danger 314 
280, 

305+351+338, 
310 

SYBR Gold 
 

Warning 227 
210, 280, 
370+378 

Tetramethylethylenediamine  

 

Danger 
 

225, 332, 302, 314 
210, 280, 

305+351+338, 
310 

Thiamine  Not a dangerous substance according to GHS 

TRIS acetate  Not a dangerous substance according to GHS 

Trisodium citrate  Not a dangerous substance according to GHS 

Triton X-100 
 

Danger 302, 315, 318, 410 

264, 273, 280, 
301, 312, 302, 
352, 305, 351, 

338 

TRIzol  

 

Danger 
301+311+331, 314, 
335, 341, 373, 412 

201, 261, 264, 
280, 

273, 301+310, 
302+352, 

303+361+353, 
304+340, 

305+351+338 

Tyrosine  Danger 318 
280, 

305+351+338 

Tween 20  Not a dangerous substance according to GHS 

Urea  Not a dangerous substance according to GHS 

Xylene cyanol FF 
 

Warning 315, 319, 335 
261, 

305+351+338 
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