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Thesis summary 

 

Expansion of CAG/CTG repeats is implicated in 15 distinct neurodegenerative or 

neuromuscular diseases for which there are currently no cures. Huntington's disease, 

characterised by autosomal dominant inheritance, is a condition triggered by CAG 

repeat expansion within the Huntington gene. 

Our laboratory has demonstrated the potential of utilising the Sp Cas9 nickase to 

reduce the repeats to a non-pathogenic length. However, the large size of Sp Cas9 

poses challenges for packaging with its guide RNA into a single adeno-associated 

virus (AAV) capsid, which is considered one of the most effective delivery methods 

available. To address this limitation, I developed compact hybrid Cas9 variants 

capable of fitting within a single AAV capsid alongside their guide RNA. Additionally, I 

assessed newly characterised RNA-guided endonuclease nickase for their 

effectiveness on CAG/CTG repeats. 

This thesis highlights that altering the PID of smaller Cas9 does not consistently affect 

PAM sequence recognition. Furthermore, I have demonstrated that incorporating a 

linker into hybrid Cas9 constructs can enhance their expression in HEK-derived cells. 

Moreover, I demonstrated that the recently characterised RNA-guided endonucleases 

are unable to target and reduce CAG repeats, an achievement accomplished only by 

Sp Cas9.  
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1 Chapter 1: General Introduction 
 

1.1 Trinucleotide repeat expansion  

 

Short tandem repeats (STRs), often called microsatellites, are naturally present in the 

human genome and can be found in 5ô or 3ô untranslated regions (UTR), in introns, or 

exons (Meloni et al. 1998). The pattern of repetition can vary and can include 

dinucleotide repeats (2 bases pairs), trinucleotide repeats (TNRs, 3 bases pairs) or 

even 6 nucleotide repeats (6 bases pairs) (Eckert and Hile 2009). These 

microsatellites are a source of genetic markers which are useful as identifiable 

landmarks in the genome that can be used to track the inheritance of specific traits or 

diseases within families, populations, or species (Weber and May 1989; Pena 1993). 

However, under certain circumstances, these repeats have the potential to expand, 

and upon reaching a specific threshold, they can trigger the onset of a disease. As 

previously described, the nature of STRs can vary for TNRs. Studies have found 

various patterns of TNRs with, CAG, CTG, GAA or CGG expansion (Spada et al. 1991; 

Yu et al. 1991; Brook et al. 1992; Devys et al. 1993; MacDonald et al. 1993; Coppola 

et al. 1999; Pujana et al. 1999). The most prevalent, however, are CAG/CTG repeats. 

These specific TNR expansions have been described as responsible for at least 16 

different diseases (Table 1.1.1) (Figure 1.1.1) (Wheeler and Dion 2021). CAG 

expansions are responsible for 12 of them, Dentatorubral-pallidoluysan atrophy 

(DRPLA), Glutaminase deficiency (GD), Huntingtonôs disease (HD), Spinal and bulbar 

muscular atrophy (SBMA), Spinocerebellar ataxia (SCA) and Spinocerebellar ataxia 

type 1, 2, 3, 6, 7, 12, 17. Most of the expansions are present in an exonic region. CTG 

expansions are responsible for Fuchsô endothelial corneal dystrophy (FECD), 

Huntington disease-like 2 (HD2), myotonic dystrophy type 1 (DM1) and 

spinocerebellar ataxia type 8 (SCA8). The location of these repeats can be either 

within the coding or non-coding regions of a gene. Depending on their location, the 

impact of the expanded repeats varies among the diseases. For example, CTG 

repeats in the 3ô UTR region of the DMPK gene responsible for DM1 will affect mRNA 

stability. In this situation, the abnormally long mRNA forms foci and accumulates in the 

nuclei of the cells (Taneja et al. 1995). These repeats present in the mRNA will then 

form hairpins which can interact with other proteins and have been shown to 
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sequestrate other proteins disrupting the cellôs functions (Napierala and Krzyzosiak 

1997; Fardaei et al. 2002).  

In contrast, in a coding region, an expanded tract can result in the production of a 

mutant protein. This is the case in spinocerebellar ataxia type 1 (SCA1) where CAG 

repeats in the ataxin1 (ATXN1) gene produce a mutant protein with a longer 

polyglutamine stretch. This mutant protein will then dysregulate cellular functions.  

 

Disease Repeat Gene Repeat location References 

Dentatorubral-

pallidoluysan 

atrophy 

(DRPLA) 

CAG Atrophin-1 Exon 5 

12p13.31 

(Koide et al. 1994) 

Glutaminase 

deficiency (GD) 

CAG Glutaminase 5ô UTR 

2q32 

(Rumping et al. 

2019) 

Huntingtonôs 

disease (HD) 

CAG Huntingtin Exon 1 

4p16.3 

(MacDonald et al. 

1993) 

Spinal and 

bulbar muscular 

atrophy (SBMA) 

CAG Androgen 

receptor gene 

Exon 1 

Xq12 

(William R. 

Kennedy 1968; 

Spada et al. 1991) 

Spinocerebellar 

ataxia (SCA) 

CAG THAP domain 

containing 11 

Exon 1 

16q22.1 

(Tan et al. 2023) 

Spinocerebellar 

ataxia type 1 

(SCA1) 

CAG Ataxin-1 Exon 8 

6p22.3 

(Chong et al. 

1995) 

Spinocerebellar 

ataxia type 2 

(SCA2) 

CAG Ataxin-2 Exon 1 

12q24.12 

(Imbert et al. 

1996) 

Spinocerebellar 

ataxia type 3 

(SCA3) 

CAG Ataxin-3 Exon 10 

14q32.12 

(Durr et al. 1996) 
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Spinocerebellar 

ataxia type 6 

(SCA6) 

CAG CACNA1A Exon 47 

19p13.13 

 

(Jodice et al. 

1997) 

Spinocerebellar 

ataxia type 7 

(SCA7) 

CAG Ataxin-7 Exon 3 

3p14.1 

 (Krols et al. 1997) 

Spinocerebellar 

ataxia type 12 

(SCA12) 

CAG Protein 

phosphatase 2 

regulatory 

subunit Bbeta 

5ôUTR 

5q32 

(Holmes et al. 

1999) 

 

Spinocerebellar 

ataxia type 17 

(SCA17) 

CAG TATA-binding 

protein 

Exon 3 

6q27 

(Nakamura et al. 

2001) 

Fuchsô 

endothelial 

corneal 

dystrophy 

(FECD) 

CTG Transcription 

factor 4 

Intron 2 

18q21.2 

(Breschel et al. 

1997) 

Huntington 

disease-like 2 

CTG Junctophilin-3 Exon 1 

16q24.2 

(Holmes et al. 

2001) 

Myotonic 

dystrophy type 1 

(DM1) 

CTG DM1 protein 

kinase 

3ô UTR 

19q13.32 

(Brook et al. 1992) 

Spinocerebellar 

ataxia type 8 

(SCA8) 

CTG ATXN8 Exon 

13q21.33 

(Koob et al. 1999) 

Table 1.1.1: Every known CAG/CTG repeats disease. This is indicating the disease, the nature 
of the repetition, the gene affected, the location in the genome and the first paper which 
identified the repeats. 
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Figure 1.1.1: CAG/CTG repeat localisation and the disease they induce. This cartoon does 
not represent the precise location of the repeats in the gene. The repeats can be located in 
the coding or non-coding region of a gene. 
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1.2  Huntingtonôs disease  

 

George Huntington's groundbreaking description of Huntington's disease (HD) in 1872 

marked a pivotal moment in understanding neurodegenerative disorders (Huntington 

1872). He elucidated HD as a progressive condition characterized by chorea, 

involuntary movements that typically start in the face before spreading to other body 

parts. Huntington noted associated symptoms such as constipation, appetite issues, 

and headaches. Moreover, he highlighted HD's hereditary nature, revealing that the 

offspring of affected parents are predisposed to the disease. Huntington shed light on 

the profound impact of HD on mental health, with patients often experiencing 

psychiatric symptoms ranging from depression to insanity and, tragically, sometimes 

leading to suicidal tendencies. As the disease progresses, individuals may face a 

decline in both physical and cognitive function, further underscoring the profound 

challenges posed by HD. Huntington's comprehensive insights laid the foundation for 

subsequent research into neurodegenerative disorders, significantly advancing our 

understanding of HD and its multifaceted impact on patients' lives. 

 

1.2.1  Genetics of HD 

 

In 1983, the gene associated with HD was mapped on chromosome 4 (Gusella et al. 

1983). This study was a major step as it gave a more specific location for scientists to 

find the genetic cause of this disease. A few years later, a more precise mapping of 

the gene location was hypothesized as being on chromosome 4p16.3 (MacDonald et 

al. 1989). The same research group proposed in 1993 a direct correlation between an 

expansion of CAG repeats in a gene within that region and HD (MacDonald et al. 

1993). Indeed, MacDonald et al, analysed the IT15 gene, later renamed huntingtin, of 

75 families with HD and found that a CAG repeat tract in the first exon was longer in 

affected individuals compared to unaffected people. They also described the instability 

of this sequence with a bias toward expansion in HD patients. The huntingtin gene can 

vary in length and can be classified into 3 states. A repeat length between 5 and 25 

repeats is defined as non-pathogenic as the individual will not develop HD. A repeat 

length between 25 and 35 is known as non-pathogenic, but is prone to further 
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expansion, especially in the germline. Finally, more than 36 CAG repeats are 

considered as the threshold to develop the disease with 36-39 being incomplete 

penetrance and more than 40 full disease penetrance (McNeil et al. 1997; Bates et al. 

2015). Furthermore, the disease is defined as autosomal dominant, requiring only one 

expanded allele for the individual to develop the disease. 

1.2.2 Epidemiology 

 

HD is rare worldwide, but it exhibits ethnic-specific patterns. The global prevalence is 

estimated to be 3 in 100,000, with considerable variation based on geography (Fisher 

and Hayden 2014). Western populations have higher rates, ranging from 10.6 to 13.7 

per 100,000, while Japan, Taiwan, and Hong Kong report rates between 1 to 7 per 

million. In the United Kingdom, the reported prevalence is 12.3 per 100,000 (Evans et 

al. 2013). Ethnic differences at the HTT locus contribute to these variations. 

Populations with high HD rates, particularly those of European descent, tend to have 

longer HTT CAG repeat lengths than individuals of African or Asian descent (Bates et 

al. 2015). This genetic bias is associated with specific haplotypes of long CAG length 

found only in European populations, influencing the prevalence of disease-causing 

and intermediate alleles. The higher prevalence in European populations is suggested 

to be influenced by historical migration patterns (Kay et al. 2017). Understanding the 

epidemiology of HD and its ethnic-specific patterns is important as it enables informed 

decision-making, targeted interventions, and equitable healthcare delivery, ultimately 

leading to improved outcomes for affected individuals and their families. 

1.2.3 Somatic mosaicism 

 

As previously mentioned, the CAG repeat tract in HD patients is unstable and poses 

a bias towards expansion. However, the size of repeats can vary throughout the body. 

Somatic mosaicism in trinucleotide repeat disorders refers to the phenomenon where 

different cells in the body of an affected individual contain varying lengths of 

trinucleotide repeat sequences. This means that within the same individual, some cells 

may have more repeats than others. Variations in repeat lengths within cells can 

impact disease advancement. Cells harbouring longer repeat expansions may 

experience accelerated degeneration, intensifying symptom deterioration over time. In 
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HD, this observation was confirmed through research showing that HD patients may 

have larger repeat expansions present not only in the brain but also in the germline 

and the liver (Telenius et al. 1994). This study uncovered that within the brain, specific 

regions show varying degrees of genetic instability. Particularly, areas such as the 

basal ganglia and cerebral cortex, known for significant neuropathology, exhibit 

elevated levels of somatic mosaicism. Conversely, regions less impacted, like the 

cerebellar cortex, show reduced levels of repeat instability. Additionally, the degree of 

somatic instability may influence the onset of the disease. For instance, an analysis of 

the cortex in a group of HD patients with both early and late-onset showed higher 

levels of somatic instability in those with earlier disease onset (Swami et al. 2009). 

This suggests that higher levels of somatic instability in specific brain regions may 

correlate with earlier onset of HD. In the brain, particularly within the striatum, striatal 

projection neurons (SPNs) are highly prevalent and are notably affected in HD (Lee et 

al. 2011). Indeed, a single-cell study in HD brain patients has shown that instability is 

much greater in SPNs than in any other brain cell type (Handsaker et al. 2024). This 

approach has shown that the repeats will slowly accumulate for decades in the SPNs. 

This accumulation doesnôt seem to affect the expression of other genes. Once the 

accumulation reaches a certain threshold of around 100 CAGs, the accumulation of 

repeats is much faster and only takes a few years to reach a new threshold of around 

150 CAGs. At this stage, multiple genes become dysregulated including CDKN2A and 

CDKN2B which encodes for P16 and P15. These proteins become upregulated while 

they should not present much expression. These proteins, responsible for promoting 

senescence and apoptosis will eventually lead to the death of the neurons. The loss 

of SPNs represents a critical pathological hallmark of HD, contributing significantly to 

the progressive deterioration of motor function, cognition, and psychiatric 

characteristics of the disease. Interestingly, the instability was much smaller in other 

brain cell types. The difference in instability between cell types is not yet fully 

understood but is more likely to be linked to the DNA repair proteins, implicated in the 

accumulation of expansion.  

Moreover, alongside the degeneration of medium-spiny neurons, alterations in other 

neuronal populations and disruptions in brain circuitry also play significant roles in the 

overall neurodegenerative cascade observed in HD (Rosas et al. 2003). This complex 

interplay between neuronal loss, circuitry dysfunction, and molecular pathology 
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underscores the multifaceted nature of HD and the challenges it presents for 

understanding and treating the disease. 

1.2.4 Germline instability and anticipation 

 

In the earlier description of the disease, it was noted that the offspring of affected 

parents would present, in some cases, a much earlier age of onset. This is a 

phenomenon called anticipation, which involves an earlier onset of the disease with 

an escalation in the severity of the symptoms across successive generations. This 

phenomenon is influenced by the gender of the affected parent. In HD, it was shown 

that a transmission from an affected father would result in a larger size of the repeats 

for the offspring resulting in a much earlier age of onset. In contrast, a transmission 

from the mother exhibited a similar age of onset (Ridley et al. 1988; Duyao et al. 1993). 

In some cases, paternal transmission can even lead to the juvenile form where the 

offspring have a particularly early age of onset and pronounced symptoms. It was 

documented that paternal transmission has resulted in large transmissions from 54 

repeats to 214 CAGs in the offspring (Seneca et al. 2004). This phenomenon is likely 

to be linked to the high instability noticed in the HD patient's sperm. This significant 

germline instability could be associated with various factors, such as DNA replication 

or repair (Pearson et al. 2005).   

In some cases, large maternal transmissions have been documented but they remain 

rare compared to paternal transmission (S§nchez et al. 1997). Moreover, maternal 

transmission leading to contraction of the repeats has also been documented (Duyao 

et al. 1993). Both results show that instability occurs in the germline but with different 

mechanisms depending on the gender. 

1.2.5 Secondary structures and DNA repair implicated in instability 

 

One of the mechanisms that contribute to TNR expansion occurs during DNA 

replication. As DNA polymerase synthesises the new DNA strand during replication, it 

may occasionally slip out from this strand. This slippage tends to occur more frequently 

when the polymerase is synthesising repetitive regions (Murat et al. 2020). In the 

context of TNRs, the newly synthesised DNA strand can therefore form a loop as 
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depicted in Figure 1.2.1. This results in one DNA strand longer than the other one and 

so promotes expansion of the repeats. 

 

Figure 1.2.1: Phenomenon of DNA slippage with CAG/CTG repeats.(A)The polymerase slips 
out from the DNA strand and the new DNA strand is unannealed. (B) The blue CAG codon 
anneals with the blue CTG codon by base complementarity. The green CAG codon anneals 
with the green CTG codon using the same principle. Unpaired bases are depicted in red. 

This can happen in the case of unexpanded and expanded repeats. Depending on the 

sequence, the secondary structure can adopt different forms. DNA can form a triple 

helix, hairpins or even quadruplex structures but CAG/CTG repeats tend to mostly 

form hairpins (Marquis Gacy et al. 1995; Richard 2020). These hairpin structures can 

vary in size, and they may form on both strands, creating a cruciform shape, as 

illustrated in Figure 1.2.2. It has been established that the longer the repeats, the 

higher the likelihood of secondary structure formation, and these structures also tend 

to be more stable (Marquis Gacy et al. 1995). 

As the mismatch repair system (MMR) is involved in correcting DNA during replication, 

researchers decided to explore a potential correlation between TNR expansion and 

MMR proteins (Schmidt and Pearson 2016). The MSH2-MSH6 heterodimeric complex 

(MutSŬ) detects single-base mismatches and small insertions/deletions (indels), 

whereas the MSH2-MSH3 heterodimer (MutSɓ) plays a role in larger loops. Studies in 

yeast indicate that short trinucleotide repeat tracts (25 triplets) did not significantly 

expand or contract in an MSH2 mutant (Miret et al. 1998). This suggests that MSH2 

may not play a substantial role in the maintenance or regulation of the stability of short 

trinucleotide repeat sequences in yeast. However, this observation might not directly 

translate to the role of MSH2 in the stability of longer trinucleotide repeat tracts or in 

other organisms. In another investigation, purified MSH2 protein was shown to bind in 

vitro to CAG/CTG slipped strands, and subsequent studies demonstrated the 
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involvement of MSH2-MSH3 in binding CAG hairpins (Pearson et al. 1997). To further 

study implications of DNA repair protein in TNR disorders multiple in vivo studies have 

been performed. In a study to understand more closely the implication of MSH2 in 

instability, MSH2-/- mice were crossed with HD mice (Manley et al. 1999). The MSH2+/+ 

mice model showed significant expansion in several tissues including the liver, 

striatum, cortex, hippocampus and thalamus compared to the MSH2-/- mice. The heart 

presented instability as well, but this was associated with contraction. These data 

suggest that MSH2 is required for somatic instability of CAG repeats but is also tissue-

specific. Further studies have shown that MSH3 was also linked to repeat instability in 

the striatum and the liver (Tom® et al. 2013). This shed light on the impact of DNA 

repair proteins on CAG repeat instability. 

 

 

Figure 1.2.2: Secondary structures formed by CAG repeats. (A) and (C) are the different types 
of hairpins CAG/CTG repeats can adopt. (B) is representing a cruciform shape. Unpaired 
bases are depicted in red.  

 

1.2.6 The huntingtin protein   

 

The huntingtin gene on chromosome 4 codes for the huntingtin protein (HTT). This 

protein is 348 kDa in size and is well-conserved in mammals. In humans, the protein 

is found ubiquitously throughout the body but its expression can vary depending on 
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the cell type (Marques Sousa and Humbert 2013). Its expression also varies 

throughout the brain. While HD predominantly affects the striatum, the HTT protein is 

also present in the cortex, the hippocampus, and the cerebellum (Saudou and 

Humbert 2016). Although all its functions are not fully understood it has been 

implicated in many cellular functions. 

It is also implicated in cell survival as its depletion resulted in caspase-3 activation and 

overexpression resulted in caspase-3 inhibition, a protein involved in the regulation 

and execution of apoptosis (Zhang et al. 2006). 

As expected, it also has a role in brain function. Studies have shown that HTT can 

influence the expression of brain-derived neurotrophic factor (BDNF) (Zuccato et al. 

2001). BDNF is a protein that plays a crucial role in the growth, survival, and function 

of neurons. It has also been implicated in cellular trafficking in the brain. Indeed, HTT 

has been shown to interact with Huntingtin Interacting Protein 14 (HIP14) (Huang et 

al. 2004). HIP14 is a protein involved in palmitoylation (the addition of a palmitate to 

proteins). This crucial step plays an important role in the regulation and localisation of 

protein. Dysregulation of palmitoylation by HIP14 has been implicated in abnormal 

trafficking in HD neurons. 

The protein has many functions, therefore its disruption would inevitably lead to 

several effects. 

1.2.7 The mutant huntingtin 

 

CAG repeat expansion disorders are also referred to as polyglutamine (polyQ) 

disorders. The CAG triplet codes for the amino acid, glutamine, and therefore when 

repeated several times, produces a protein with a large glutamine tract. In HD, the 

repeat expansion in exon 1 leads to the creation of a mutant protein (mHTT) which is 

abnormally long. As described in the previous section, HTT is involved in many cellular 

pathways. A mutant of this protein could therefore have an impact at many different 

levels. 

mHTT protein has been shown to accumulate and form aggregates in the cytoplasm 

which can be toxic for the cells as they can bind and disrupt other proteins (Davies et 

al. 1997; Scherzinger et al. 1997). Furthermore, the mHTT aggregates have been 
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shown to translocate into the nucleus and impact transcription. Studies on the impact 

on the brain have demonstrated that wild-type (WT) HTT can stimulate BDNF 

expression. However, mHTT has lost this ability, resulting in a decreased level of 

BDNF in the HD brain (Zuccato et al. 2003). Further studies have shown that mHTT 

interacts with p53 and cAMP response element binding protein and represses 

transcription (Steffan et al. 2000). It was also shown that mHTT can impact the 

transcription of a lot of different proteins in the human brain and more particularly in 

specific brain regions like the motor cortex or cerebellum (Hodges et al. 2006). 

 At the RNA level, it was shown that CAG repeats can also lead to the formation of 

RNA hairpins (Sobczak et al. 2003). The stability and the length of the hairpin depend 

on the number of repeats with more repeats inducing a more stable hairpin. These 

secondary structures can therefore recruit RNA-binding proteins and dysregulate the 

cellôs functions (Heinz et al. 2021). 

  



28 
 

1.3 Potential treatment for CAG/CTG repeat expansions 

 

As previously discussed, CAG/CTG repeats are implicated in a range of 16 distinct 

diseases, with only Fuch's disease having a treatment involving corneal 

transplantation (Blitzer and Colby 2020). For the majority of patients, however, the 

standard of care revolves around symptom management to enhance their quality of 

life. Despite their classification as 'rare' conditions, due to lower prevalence rates 

compared to some other diseases, the impact of these disorders extends beyond the 

individual to profoundly affect their families. Beginning with symptoms such as muscle 

weakness and tremors, individuals grappling with these conditions embark on a 

challenging journey marked by emotional and psychological strain. This burden 

extends to caregivers and family members, who navigate the demands of caregiving, 

financial stress, and the emotional toll of witnessing their loved one's health decline. 

Additionally, the social isolation resulting from stigma and logistical barriers 

exacerbates the challenges faced by both patients and their families. Given the 

uncertainty surrounding the disease's progression, there's a clear imperative for 

comprehensive support. Addressing the complex needs of those impacted by 

CAG/CTG repeat disorders necessitate a holistic approach that encompasses not just 

symptom management but also psychosocial support and caregiver assistance. The 

urgency for developing a cure for these diseases cannot be overstated. 

1.3.1 Small molecule inhibitors  

 

An approach to developing treatments for these diseases involves the exploration of 

small molecule inhibitors. The function and deleterious effects of mHTT have been 

increasingly understood, including its interactions with other proteins and its role in 

lowering the expression of brain-derived neurotrophic factor (BDNF) (Simmons et al. 

2013). The loss of BDNF expression leads to neurotrophic loss, while its 

overexpression has positive effects. Developing a molecule that could rescue this loss 

or mimic its activity represents a significant step towards curing HD. BDNF interacts 

with tropomyosin-receptor kinase B (TrkB), a receptor promoting cell survival kinases 

(Lu 2003; Simmons et al. 2013). A loss of BDNF affects the activity of these proteins. 

LM22A-4, a small molecule, binds to TrkB and activate it and has been shown to 
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restore some HD phenotypes when administered to a HD mice model. However, these 

results were not confirmed when tested in a primary neuronal system (Todd et al. 

2014). 

Protein acetylation, crucial for transcriptional control, is also disrupted in HD, impacting 

its pathogenicity (McFarland et al. 2012). Selisistat, a small molecule, has been 

investigated and showed efficacy in reducing HD pathology in both fly and mice HD 

models (Smith et al. 2014). This molecule selectively binds to Sir2 from Drosophila 

melanogaster and its mammalian counterpart, SirT1, both involved in the 

deacetylation of histones. Selisistat has been tested in patients and proven to be safe, 

well-tolerated, and effective (S¿ssmuth et al. 2015). This targeted inhibition of histone 

deacetylation presents a potential therapeutic avenue for HD. One concern arises 

regarding potential hepatotoxicity, which requires further investigation. 

1.3.2 RNAi  

 

As mentioned earlier, the CAG repeats produce a mutant huntingtin protein (mHTT) 

that disrupts numerous cellular functions, making it a potential therapeutic target. One 

approach involves the development of short interfering RNA (siRNA) to degrade HTT 

RNA, a method known as RNA interference (RNAi). In experiments with the HD mouse 

model, YAC128, it was confirmed that using RNAi decreased the level of mHTT and 

improved behavioural test outcomes (Stanek et al. 2014).  

However, there are two major challenges associated with the approach. Firstly, RNAi 

not only reduces the level of mutant huntingtin but also affects the level of the WT 

huntingtin protein. As previously described, WT huntingtin is a vital protein, and 

reducing its level could have deleterious effects in the long term. Secondly, the delivery 

method is a challenge, as it requires direct delivery to the central nervous system. 

Since this technique may not definitively correct the mutation, multiple injections into 

the brain would be needed throughout the patient's life, which can be quite invasive. 
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1.3.3 ASOs  

 

Another strategy involves the use of antisense oligonucleotides (ASOs) designed to 

reduce the quantity of mutant huntingtin (mHTT). ASOs are complementary to RNA, 

allowing them to bind to it. This interaction enables the ASOs to engage RNaseH, 

initiating the cleavage of the RNA strand and facilitating the degradation of the targeted 

RNA (Dhuri et al. 2020). 

ISIS 443139, later named Tominersen, has showed promising results as an ASO for 

HD (Tabrizi et al. 2019). It managed to efficiently decrease mHTT levels and its clinical 

trial went to phase 3. However, lack of improvements and undesirable side effects lead 

to the termination of the trial. Moreover, this approach reduces the levels of mHTT and 

WT HTT, which could be harmful as the HTT protein is involved in various cellular 

functions. One way to avoid reducing the WT HTT is to identify Single Nucleotide 

Polymorphisms (SNPs) in HD patients. Targeting SNPs specific to mHTT alone is 

feasible, but the downside is that it limits the number of HD patients who can benefit 

from this approach.  

Another major drawback for this approach is that, as for RNAi, it does not correct the 

DNA mutation. The number of repeats will keep expanding which could impact the 

treatment efficiency. As so, the ASOs will need to be injected multiple times in the 

patientôs brain. 

As the understanding of HD pathways and the impact of mHTT progresses, numerous 

treatments are under development. However, it's essential to recognize that other 

CAG/CTG disorders, such as SCA or DM1, have distinct mechanisms. Therefore, a 

cure or treatment developed for HD may not necessarily be effective against SCA or 

DM1 due to fundamental differences in the pathology of these diseases. 

1.3.4 CRISPRi: 

 

Another approach is using the CRISPR interference (CRISPRi) approach (Seo et al. 

2023). The CRISPR-Cas9 approach is later discussed and introduced. This approach 

uses a dead Cas9 (dCas9) targeting the CAG repeats. The dCas9 can therefore binds 

to the CAG, stopping the transcription process and therefore the production of mRNA 
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and the HTT protein. This approach has been showing powerful results with significant 

reduction of mHTT and improved behavioural results in R6/2 HD mouse model.  

As for other mHTT approaches, it also reduces level of WT HTT which could be 

harmful as this protein is involved in many different aspects of the cellôs functions.  
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1.4 Gene editing 

 

Gene editing has been revolutionising molecular biology. This approach offers the 

ability to directly modify the DNA of an organism. This can be used in various different 

aspects, such as treatment for cancer by modifying patient immune cells to eliminate 

cancer cells (Lu et al. 2020; Allemailem et al. 2023). For agriculture, by changing cropsô 

genomes and increase their resistance to disease and drought or to improve their 

yields (Pixley et al. 2022). Various in vivo models have been developed through gene 

editing by performing knock-in, the insertion of DNA into a gene, or knock-out, the 

deletion of a gene (Geurts et al. 2009; Chu et al. 2016). In the cancer field, it has been 

used to produce CAR-T cells (Chimeric antigen receptor) (Figure 1.4.1). Blood cells 

are collected from patients, and through gene editing techniques, the CAR gene is 

introduced into these cells. The resulting modified cells express the CAR protein on 

their surface, allowing them to recognize and target cancer cells for destruction. T-cell 

therapy represents a significant advancement in the fight against cancer. Other 

methods are available to edit CAR-T cells, but the CRISPR-Cas9 approach is widely 

used because it is easy to perform and design.  
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Figure 1.4.1: Producing and using CAR T-cells to kill cancer cells. This figure was adapted 
from Biorender. 

Gene editing stands as one of the most promising methods for treating genetic 

disorders. This approach offers the advantage of permanently rectifying the mutation 

responsible for the disease within the patient's cells. The correction of the detrimental 

mutation obviates the necessity for medication or recurrent injections, as discussed 

earlier in relation to RNAi and ASOs. To date, there are at least 3 ways of performing 

genome editing. The Zinc Finger Nucleases (ZFNs) and Transcription Activator-like 

Effectors Nucleases (TALENs) are both effective gene editing tools. They are 

composed of a customisable sequence-specific DNA-binding domain which, while 

fused to Fok1, a type II restriction endonuclease, can cut DNA (Figure 1.4.2) (Kim et 

al. 1996; Cermak et al. 2011). 

ZFNs are comprised of three zinc fingers that recognize and bind to specific DNA 

sequences. Each zinc finger recognizes and binds to three nucleotides, and multiple 

zinc fingers are linked together to enhance sequence specificity. Upon binding to their 

complementary sequences, the zinc fingers induce dimerization of Fok1, leading to 

double-strand breaks (DSBs) in the spacer sequence. 
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The TALEN approach employs Transcription Activator-like Effector Nuclease 

(TALENs), which are 33-35 amino acids in length and recognize individual base pairs 

of DNA. This method involves tandem repeats of TALENs, each designed to recognize 

and bind to a single base pair. Once bound to the DNA, TALENs facilitate the 

dimerization of Fok1, resulting in DSBs in the spacer sequence. 

 

Figure 1.4.2: ZFN and TALEN approaches. ZFNs and TALENs bind to a specific DNA 
sequence and allow dimerization of Fok1 which induces DSBs in the target DNA.  This figure 
was adapted from Biorender. 

However, a system, more precise, easier to use and design, low cost and robust has 

been taking over. The Clustered Regularly Interspaced Short Palindromic Repeats-

Cas9 (CRISPR-Cas9). 

 

1.4.1 CRISPR-Cas9  

 

This system was initially discovered in the bacterial strain Escherichia coli (E. coli) in 

1987 (Ishino et al. 1987). The CRISPR system relies on short palindromic repeats 

separated by unique sequences called spacer DNA (Jansen et al. 2002). The spacer 
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DNA codes for viral DNA, which have been inserted into the genome and are thought 

to be creating a memory of previous bacteriophage invasion, thus constituting a 

bacterial adaptive immune system (Mojica et al. 2005). During a bacteriophage 

invasion, the spacer DNA is transcribed into RNA, known as CRISPR RNA (crRNA). 

This crRNA, along with an endonuclease named Cas9 and a trans-activating CRISPR 

RNA (tracrRNA), collectively forms the entire CRISPR-Cas9 system. This system is 

then able to cut the foreign DNA, processed into individual CRISPR RNAs, and protect 

the bacteria. (Figure 1.4.3). The tracrRNA binds to the crRNA and has two main 

functions. The first one is to recruit the RNAse III enzyme. This enzyme cuts the 

transcribed RNA to form multiple pairs of crRNA-tracrRNA. The tracrRNA also 

interacts with the Cas9 protein to ensure interaction between every component of the 

CRISPR-Cas system. As a first step, the Cas9 protein finds a protospacer adjacent 

motif (PAM) sequence on the foreign DNA. The PAM sequence plays a crucial role in 

preventing unintended DNA edits, known as off-target mutations. Indeed, if the crRNA 

is corresponding to the phage DNA and is integrated in the bacterial genome, the 

protein could in theory cut its own genome as well as the invading phage DNA. The 

PAM sequence prevents this as the PAM of the viral DNA and the host genome will be 

different (as displayed in Figure 1.4.4). In Streptococcus pyogenes (Sp) bacteria, the 

Cas9 recognises a NGG PAM sequence on the foreign DNA while the sequence that 

is in the PAMôs position in its own DNA is GTT (Mojica et al. 2005; Tsai et al. 2015). 

This difference will prevent the Cas9 from recognising its own genomic DNA as a threat 

and initiating cleavage. A PAM sequence is specific to every Cas9 species; they all 

recognise a different PAM sequence. If all these steps are successfully achieved, the 

protein can therefore initiate cleavage by inducing a DSB, protecting the bacteria from 

death if the bacteriophage enters a lytic cycle. 
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Figure 1.4.3: CRISPR-Cas as an adaptive immune system to protect E.coli from phage 
infection.This figure displays the immune system of CRISPR showing how Cas9 can protect 
the bacteria by cutting phageôs DNA. Figure adapted from (Alayoubi et al. 2023). 
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Figure 1.4.4: The PAM serves as a protection for off target cleavage in the CRISPR Cas 
immune system in bacteria.The PAM sequence of the targeted DNA is different from the 
bacteriaôs PAM. This difference makes the bacteria unable to cut its own genome. Note that 
the PAM sequences used here are related to Streptococcus pyogenes Cas9 only. 

 

1.4.2 The Cas9 protein 

 

In this section, the Cas9 protein used as an example is Streptococcus pyogenes Cas9. 

The function, domain organisation, and mechanism remain the same for other Cas9 

proteins, although the size, PAM sequence recognized, and editing efficiencies vary 

between different orthologues. 

The Cas9 protein is an RNA guided endonuclease which can induce DSBs in DNA. 

The protein is mainly formed of two lobes, a recognition lobe (REC) and a nuclease 

lobe (NUC) (Figure 1.4.5). The protein contains two domains which can edit DNA, the 

RuvCI and the HNH domains. The RuvCI can edit the non-targeted DNA while the 

HNH edits the targeted DNA (Jinek et al. 2012) (Figure 1.4.6). The PAM interacting 

domain (PID) is crucial as it recognises the PAM sequence, in this case, NGG, with N 

being any nucleotide (Mojica et al. 2009; Nishimasu et al. 2014; Tsai et al. 2015). 
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Indeed, it has been shown that the 2 G bases recognised by this Cas9 are bonded by 

Arginine 1333 and 1335 both located in the PID (Nishimasu et al. 2018). This domain 

is therefore important for enabling Cas9 to recognise the PAM and avoid producing 

any off-target mutations. Moreover, the Cas9 always cuts DNA 3 nt upstream of the 

PAM sequence (Figure 1.4.6) (Gasiunas et al. 2012). As this system is cutting DNA 

using two domains, the inactivation of one of those domains results in the creation of 

a nickase which can only cut one strand of DNA. A single D10A mutation is enough to 

inactivate the RuvCI domain (Jinek et al. 2012). It was first assumed that inactivation 

of the HNH was induced by a H840A mutation but recent studies proved that even 

after this mutation the protein was still capable of nuclease activity (Lee et al. 2023). 

To fully inactivate the HNH domain, two mutations are needed, H840A and N863A. 

Combining those 3 mutations create a catalytically dead Cas9 (dCas9) which has lost 

its ability to cut DNA but can still bind to it (Whinn et al. 2019). 

 

 

 

Figure 1.4.5: Sp Cas9 domains organisation. The protein is mainly form of 2 lobes, the NUC 
lobe which contains both nuclease domains, RuvCI and HNH and the REC lobe. Adapted from 
(Nishimasu et al. 2014). BH = Bridge helix. REC = Recognition. PI: PAM interaction. 

 

Figure 1.4.6: The HNH domain cuts the targeted strand DNA while the RuvC cuts the non-
targeted strand.The PAM is located near the targeted sequence and is presented in red. The 
cuts will be 3 bp upstream the PAM sequence.  
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1.4.3 The guide RNA 

 

Cas9 is an RNA-guided enzyme and, when discovered, it was defined as guided by 2 

RNA sequences, the crRNA and the tracrRNA. However, a new version was developed 

by fusing the crRNA and the tracrRNA together by the addition of a short 4 nt sequence 

(GAAA) named the tetraloop (Jinek et al. 2012). This aimed to facilitate the use of the 

Cas9 system as a genome engineering tool by creating a chimeric RNA also known 

as single guide (sgRNA). 

The crRNA is composed of 20 nt which will bind to the target sequence through base 

complementarity. This is called the spacer sequence. This sequence can vary in size 

but when a target sequence is fewer than 16 nt, the editing capacity is lost (Fu et al. 

2014). Studies have shown that increasing the size of the spacer did not increase the 

editing efficiency (Ran et al. 2013). The ideal spacer sequence has shown best editing 

efficiency between 17ï20 nt. Downstream of the spacer sequence, 12 nt are present 

which is named the repeats region. Those bases will interact with the tracrRNA by 

sequence complementarity. This interaction is crucial as it was shown that crRNA 

alone with the Cas9 does not produce any cleavage (Jinek et al. 2012). 

The tracrRNA is composed of an anti-repeat region which interacts through base 

complementarity with the crRNA. The rest of the tracrRNA is defined as the scaffold of 

the sgRNA and is composed of multiple stem loops. Their number can vary from one 

Cas9 species to another but their main role is to provide strong interaction with the 

Cas9 and enhance stability and folding of the guide. The Sp Cas9 tracrRNA is about 

70 nt and possesses 3 stem loops, all of different sizes (Nishimasu et al. 2014) (Figure 

1.4.7). Stem loop 1 has been shown to be crucial for editing as its deletion resulted in 

the loss of editing. By contrast, deletion of stem loops 2 and 3 diminish, but do not 

completely abolish editing efficiency. Deletion of both stem loops reduced the editing 

by 30% and removal of stem loop 3 alone reduced editing by 15% (Hsu et al. 2013; 

Nishimasu et al. 2014). 

The stem loops 1 and 2 are often linked by a short sequence of 4 to 5 nt named the 

linker. However, this doesnôt seem to be conserved in every Cas9 species as the 

tracrRNA from Campylobacter jejuni, another Cas9, does not contain a linker 
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sequence (Yamada et al. 2017). It was also shown that removal of this linker do not 

decrease the editing efficiency of the Sp Cas9 (Nishimasu et al. 2014). 

Optimisation of the sgRNA was performed to either boost editing efficiency or 

decrease off-target editing. The presence of a GUUUU sequence upstream of the 

spacer sequence was thought to potentially act as a stop signal for RNA polymerase 

III, thus potentially decreasing sgRNA transcription efficiency. 

When modified by conversion of the fourth U into a T, C or a G, the editing efficiency 

significantly increased (Dang et al. 2015). The complementary base has to be change 

as well. Moreover, studies have shown that increasing the repeat anti-repeat region 

size increased editing efficiency (Chen et al. 2013; Dang et al. 2015). Indeed, in one 

case, increasing the duplex zone by 5 base pair, UGCUG, before the tetraloop, 

increased significantly the editing efficiency (Dang et al. 2015).  

The specificity of Cas9 can also be improved by changing the sgRNA. Studies have 

shown that modifying the spacer sequence length can greatly reduce the unwanted 

edits, also known as off-target events (Fu et al. 2014). In that study, a 17 nt spacer 

sequence produce significantly fewer off-targets compared to the usual 20 nt spacer. 

Various sgRNAs can be developed as multiple mutations can be induced in its scaffold. 

This makes its full optimisation more difficult to achieve as the spacer sequence also 

must be defined with care to reduce off-targets rates. 

Chemical modification of the sgRNA has also been shown has able to increase the 

editing efficiency. Addition of 2ô-O-methyl, 2ô-0-methyl 3ô phosphorothioate or 2ô-O-

methyl 3ô thioPACE at 5ô or 3ô end of the sgRNA significantly increased editing at 

different genomic loci (Hendel et al. 2015).  
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Figure 1.4.7: Sp sgRNA structure and sequenceThe sgRNA is formed of a guide sequence 
(light blue), crRNA (dark blue) and a tracrRNA (red). 
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1.4.4 Genome editing with Cas9 

 

CRISPR has revolutionized the field of genome editing for humans. In 2012, it was 

demonstrated that the crRNA sequence could be modified to match any DNA 

sequence, and in 2013, the system was used successfully to introduce edits in 

mammalian cells (Cong et al. 2013; Hwang et al. 2013; Mali et al. 2013). Cas9 

emerged as a promising tool for correcting genetic disorders, being utilised to eliminate 

deleterious mutations and potentially cure genetic diseases. In 2016, it was applied to 

a mouse model of Duchenne muscular dystrophy, a disorder caused by a genetic 

mutation in the dystrophin gene, leading to reduced protein levels (Nelson et al. 2016). 

Two years later, it was used on a canine model for the same disease (Amoasii et al. 

2018). When treated with Cas9, both animal models managed to restore a healthy 

level of dystrophin expression, providing a proof of concept for the use of Cas9 in 

correcting mutations and leading to clinically relevant outcomes. 

Despite its vast potential for therapeutic applications and research, concerns and 

challenges accompany its use. One notable issue is the possibility of off-target 

mutations, whereby Cas9 may unintentionally edit genomic locations closely or similar, 

but not identical, to the target site. This could lead to unintended mutations, posing 

potential harm (Cong et al. 2013; Pattanayak et al. 2013). Another concern arises from 

the generation of DSBs during the CRISPR-Cas9 editing process. DSBs activate 

cellular DNA repair mechanisms like non-homologous end joining (NHEJ) or 

homology-directed repair (HDR) (Mao et al. 2008). NHEJ can be deleterious for the 

cell. It can induce different kinds of genome rearrangements such as deletions, 

insertions or translocations. These events can disrupt essential genes. More 

importantly, if they happen in a tumour suppressor gene and inactivate it, this could 

lead to carcinogenesis (Lieber 2010). The potential toxicity associated with DSBs 

emphasizes the importance of refining and optimizing CRISPR-Cas9 techniques to 

minimize off-target effects and enhance the precision of gene editing. 

One way of decreasing the probability of inducing off-target mutations and the toxicity 

is to use Cas9 nickases. This system which induces DNA nicks is considered less toxic 

than its nuclease homologue and is even thought to induce less off-target mutations 

(Jinek et al. 2012; Ran et al. 2013; Shen et al. 2014). Unlike DSBs, individual DNA 

nicks are repaired by the base excision repair system, which is known for its high 



43 
 

fidelity in the repair process (Dianov and H¿bscher 2013). However, it has been 

recently discovered that this system is still able to induce high levels of off-targets and 

that off-target frequencies were highly linked to the sgRNA used and its spacer 

sequence (Oura et al. 2021). However, the nickase system is also a promising tool for 

trying to cure genetic disorders as well. 

In the context of CAG/CTG repeat disorders, Cas9 was used on a HD pig model by 

replacing the extended CAG repeat tract with a non-expanded tract by intracranial 

injection (Yan et al. 2023). This method used the HDR approach, in which Cas9 made 

cuts at the expanded CAG tract, removing it and replacing it with a donor DNA 

sequence containing 20 CAG. In doing so, the neurological symptoms were reduced 

as well as the neurotoxicity of the mutant HTT. In a DM1 model, Cas9 was used to 

chop out the expanded CTG repeats in patient-derived fibroblasts (Provenzano et al. 

2017). A Cas9 nuclease was used with 2 guides targeting regions upstream and 

downstream of the expanded repeats. DSBs were induced at the flanking regions, and 

DNA was repaired via the NHEJ system. This resulted in the removal of the expanded 

repeats. This resulted in a significant improvement in the corrected cells. However, 

both systems were using a nuclease system therefore inducing DSBs. 

A nickase approach has been successful in contracting CAG/CTG repeats. This 

approach used the D10A nickase with a (CTG)6 or (CAG)6 sgRNA targeting the 

repeated DNA (Figure 1.4.8). When tested on a HEK-GFP cell line carrying a 

CAG/CTG repeat expansion, this system managed to contract the repeats to a non-

pathogenic threshold (Cinesi et al. 2016). The assumption is that Sp Cas9 recognises 

the CAG/CTG repeats as a PAM sequence and binds to the DNA (Figure 1.4.8). 

Indeed, it was shown that Sp Cas9 can also, at a lower frequency, recognise NAG as 

a PAM (Walton et al. 2021). The sgRNA then hybridises with the DNA through base 

complementarity and induces a DNA nick in one strand. This event occurs multiple 

times on the repeated DNA strand and the multiple nicks lead to the contraction of the 

repeats. Moreover, when tested on a HEK-GFP model with a non-expanded repeat 

tract, it didnôt lead to contraction indicating that this approach only targeted the 

expanded allele. 
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Figure 1.4.8: Sp D10A Cas9 on CAG/CTG repeats. Upper panel is in combination with a 
sgCTG while lower panel is using a sgCAG. Depending on the sgRNA used, the PAM 
sequence associated will be different. If using a sgCTG guide, the PAM will be CTG while if 
using a sgCAG guide the PAM will be CAG.  

When tested in HD and DM1-patient-derived neurons, astrocytes and in a R6/1 HD 

mouse model, it was shown to contract the repeats as well without producing any 

detectable off-targets above the background mutations found in the untreated cells 

(Murillo et al. 2024). This approach is promising for HD and other CAG/CTG repeats 

disorders. 

1.4.5 Sp Cas variants and Cas9 orthologues  

 

Applying one point mutation to Cas9 can drastically change the protein efficiency, as 

demonstrated by the conversion of the Cas9 nuclease to a Cas9 nickase. Therefore, 

many other Sp Cas9 variants have been developed through point mutations in order 

to reduce the production of off-targets (Kleinstiver et al. 2016; Slaymaker et al. 2016; 

Casini et al. 2018; Lee et al. 2018; Kulcs§r et al. 2020). These systems have all 

produced fewer off-targets. However, there is a close relation between on and off-

targets as reducing the off-targets can also lead to a reduction of on-target editing. 
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Another aspect that could be enhanced for Sp is the PAM sequence it recognises. It's 

believed that Sp possesses one of the most adaptable PAM sequences among Cas9 

orthologues. However, certain genomic locations still prove challenging for Sp Cas9 

to access. Modifying its PAM sequence could further enhance its flexibility. Hence, 

variants have been designed to enhance PAM flexibility. Sp Cas9 variants, capable of 

recognising NG PAMs or near-PAMless sequences, exhibit a wider spectrum of target 

recognition (Nishimasu et al. 2018a; Walton et al. 2020). As expected, they require 

more mutations in the PID. 

The different Cas9 variants developed with the changed residues are all presented in 

the table below (Table 1.4.1) Note that these variants are only Sp Cas9 variants. Other 

variants for other Cas9 species have been developed as well. 

 

Cas9 name Mutation(s) Reference 

eSp1.0 K810A; K1003A; R1060A (Slaymaker et al. 2016) 

eSp1.1 K848A; K1003A; R1060A (Slaymaker et al. 2016) 

eSp plus K848A; R1060A; Amino 

acids 1005-1013 replaced 

by 2 Glycine 

(Kulcs§r et al. 2020) 

SpG D1135L; S1136W; 

G1218K; E1219Q; 

R1335Q; T1337Q 

(Walton et al. 2020) 

Sp HF1 N497A; R661A; Q695A; 

Q926A; 

(Kleinstiver et al. 2016) 

Sp HF1 plus N497A; R661A; Q695A; 

Q926A; Amino acid 1005-

1013 replaced by 2 

Glycine 

(Kulcs§r et al. 2020) 

evoCas9 M495V; Y515N; K526E; 

R661Q; 

(Casini et al. 2018) 

xCas9 3.7 A262T; R324L; S409I; 

E480K; E543D; M694I; 

E1219V 

(Hu et al. 2018) 
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Sniper Cas9 F539S; M763I; K890N; (Lee et al. 2018) 

SpRY A61R; L1111R; D1135L; 

S1136W; G1218K; 

E1219Q; N1317R; 

A1322R; R1333P; 

R1335Q; T1337R 

(Walton et al. 2020) 

HYPA Cas9 N692A; M694A; Q695A; 

H698A; 

(Chen et al. 2017) 

Sp NG L1111R; D1135V; 

G1218R; E1219F; 

A1322R; R1335V; 

T1337R 

(Nishimasu et al. 2018a) 

Table 1.4.1: The different Sp Cas9 variants known, their associated mutation and references 
which develops them. 

The Cas9 described in the previous section was from the Streptococcus pyogenes 

bacteria strain. This Cas9 is the best described for a few reasons. This is in part 

because it was the first to be described and analysed (Jinek et al. 2012; Nishimasu et 

al. 2014). It binds to a NGG/NAG PAM sequence, with a preference for NGG, making 

this Cas9 effective at many loci in the genome (Mojica et al. 2009; Tsai et al. 2015). It 

also shows great editing efficiency in mammalian cells (Cong et al. 2013). However, 

the size of this protein presents a disadvantage. Indeed, it is 1368 amino acids long, 

which makes it difficult to package for some viral and non-viral delivery methods. This 

is normally circumvented by using smaller Cas9 orthologues. For example, 

Staphylococcus aureus (Sa) Cas9 is 1053 aa long and uses a 97 nt long sgRNA 

(Nishimasu et al. 2015), but recognises a rarer NNGRRT PAM (R represents a purine, 

A or G). The Sa Cas9 displays robust editing efficiencies in vivo when tested in a 

mouse model, proving that it can substitute for Sp Cas9 (Ran et al. 2015). However, 

the PAM recognised by this Cas9 makes it less flexible than Sp Cas9. A few studies 

have started to develop Sa Cas9 variants to overcome this issue but none of them 

managed to have a PAM sequence recognition as broad as Sp (Tan et al. 2019). The 

Campylobacter jejuni Cas9 (Cj) is another option as this protein is even smaller, 

containing 984 aa and a 93 nt long sgRNA. It binds to a NNNNRYAC PAM sequence 

(where Y represents a pyrimidine, C or T) (Kim et al. 2017; Yamada et al. 2017), not 

present as often as NGG in the human genome. This small Cas9 was also shown to 
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possess robust editing activity in vivo when used in mice (Kim et al. 2017). Some 

variants have been developed to broaden its PAM specificity (Nakagawa et al. 2022; 

Schmidheini et al. 2024). However, the Cj Cas9 was shown to induce DSBs even in 

the absence of a sgRNA, suggesting that it is less accurate and prone to inducing off-

target mutations (Saha et al. 2020).  

Other Cas9 orthologues, such as those from Neisseria meningitidis or Francisella 

novicida, have demonstrated the capability to edit mammalian cells DNA (Lee et al. 

2016; Acharya et al. 2019). However, their efficiency is lower compared to Sp Cas9. 

1.5 Delivery system 

 

CRISPR-Cas9 is a powerful and promising tool as a cure for genetic diseases, 

including CAG/CTG repeats disorders. However, it needs a proper delivery system to 

be introduced into human cells. Different systems are available and all present 

different strengths and weaknesses. They can be viral, like lentiviruses or Adeno-

associated viruses (AAV) or non-viral like lipid nanoparticles (LNP). 

1.5.1 Lentiviruses 

 

Lentiviruses are one of most common tools to package Cas9 and its sgRNA, and the 

most widely used is the Human Immunodeficiency virus (HIV). Lentiviruses are 

enveloped viruses and they are part of the retroviral virus family. Their genome is 

therefore encoded by RNA which is retro-transcribed as double stranded (ds) DNA in 

the host cell (Figure 1.5.1). The dsDNA integrates into the host genome, which 

provides a strong and stable expression of the viral DNA (Lewinski et al. 2006). Up to 

9 kb can be inserted into these viruses, which is big enough to package the protein 

and the sgRNA together. They exhibit a low level of immunoreaction in humans. 

Lentiviruses have displayed strong tropism and they are able to infect dividing and 

non-dividing cells with high levels of integration in brain cells (Federici et al. 2009). 

When lentivirus is combined with CRISPR-Cas9 in a mouse model, successful editing 

has been demonstrated, indicating that both systems can be effectively used together 

(Holmgaard et al. 2017). 

The integration of the viral DNA in the host genome, even if providing a stable and 

strong expression of the transgene, can have deleterious effects depending on the 
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integration site. Indeed, if the integration triggers an oncogene or disturbs the 

expression of a tumour suppressor gene this can lead to serious complications, 

including cancer (Marwick 2003). Some studies have mutated the integrase, which is 

essential for integration, trying to develop a safer, non-integrating version (Shaw and 

Cornetta 2014). By doing so, they aimed to reduce the frequency of integration and 

therefore reduce the potential risk associated with lentiviruses. However, the efficiency 

of transgene production with non-integrating lentiviruses is drastically lower (Y§¶ez-

Mu¶oz et al. 2006). 

 

Figure 1.5.1: Infection cycle for retroviruses.The virus contains an RNA genome which will be 
reverse transcribed into DNA. This viral DNA is then integrated into the host genome, leading 
to the production of new viral proteins. Adapted from Biorender. 

 

1.5.2 Lipid nanoparticles 

 

LNPs are a promising tool as a delivery mechanism for gene therapy. Their main 

components are polyethylene glycol (PEG) lipid, phospholipid, ionizable cationic lipids 

and cholesterol (Fenton et al. 2016). They provide a wide variety of packaging options 

as the LNPs can carry plasmid DNA, mRNA or ribonucleoproteins (RNPs) (Figure 
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1.5.2). Their cargo size is big enough to package the whole Cas9 protein with its 

sgRNA. They present a safe option of delivery has the immunoreaction remains low 

even after multiple injections (Kenjo et al. 2021). LNPs have already been tested in 

vivo and show high editing efficiency (Finn et al. 2018). As for a brain delivery system, 

a study encapsulated mRNA coding for the firefly luciferase and injected directly into 

the brain of mice (Nabhan et al. 2016). Analysis of bioluminescence revealed that 

luciferase was strongly visible at 6 and 24 h in the brain after injection. The 

bioluminescence was significantly lower 48 h after injection proving that the LNPs do 

not integrate in the host DNA and that the expression of the transgene decreases over 

time. 

LNPs offer several advantages as a delivery system for gene editing. In the context of 

repeat disorders, the same study mentioned earlier administered LNPs containing 

frataxin mRNA to a mouse model of Friedreich ataxia (FRDA). FRDA is caused by 

GAA repeats in the frataxin gene, leading to a decrease in frataxin protein levels. The 

intrathecal injection of LNPs resulted in an elevation of frataxin protein levels within 

the dorsal root ganglia 24 hr after injection. However, it's crucial to recognize that while 

this method delivers mRNA, it does not address the underlying genetic mutation 

responsible for the disease. 

While this delivery system demonstrates remarkable efficacy, particularly in the brain, 

its predominantly fatty composition means it is predominantly utilised for liver 

treatments. When LNPs were administered into the mouse tail, no discernible traces 

of LNPs were detected in the lung, heart, kidney, or spleen (Han et al. 2022). This 

implies that the efficiency of LNPs can vary significantly depending on the injection 

method and site. Furthermore, it suggests that the range of organs targetable by LNPs 

remains limited at present, emphasising the necessity for optimization if their 

application is intended for organs other than the liver. To date, no data is showing the 

distribution of LNPs in other organs after injection in the brain. Nabhan et al, also 

tested different LNPs by increasing or decreasing the PEG content. LNPs made with 

more PEG were 60 nm diameter size versus 85 nm diameter in the original version. 

The 85 nm particles showed a higher level of restored frataxin protein. This shows that 

optimisation and modification of the LNP structure can impact their efficiency.  
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More recently, LNPs have gained significant prominence as a delivery system for their 

role in COVID-19 vaccination. This innovative approach has been pivotal in the 

development of highly effective vaccines. Notably, Pfizer-BioNTech and Moderna 

leveraged the LNPs vector system to deliver their mRNA-based vaccines (Wilson and 

Geetha 2022). This technological approach has been a key factor in the rapid and 

successful deployment of vaccines on a global scale. The SARS-CoV-2 mRNA was 

encapsulated within LNPs, ensuring efficient delivery to the bodyôs cells. This 

encapsulation process not only protects the fragile mRNA strands from degradation 

but also facilitates their entry into cells where they can effectively trigger an immune 

response.  

More recently, LNPs have been used for COVID-19 vaccination. Indeed, both Pfizer-

BioNTech and Moderna used LNPs as a vector system for their vaccination approach 

(Wilson and Geetha 2022). The SARS-CoV-2 mRNA was encapsulated into LNPs  

Therefore, these data make LNPs a viable and potential delivery method in the future. 

 

 

Figure 1.5.2: The different packaging option available using LNPs with (A) plasmid DNA, (B) 
mRNA and (C) Ribonucleoprotein. Adapted from (Kazemian et al. 2022). 
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1.5.3 Adeno-associated viruses: 

 

 AAVs are arguably one of the best delivery systems available. Their genome consists 

of single-stranded DNA (ssDNA), they are non-enveloped viruses, and their DNA is 

transcribed as RNA and then translated into protein in the host cell (Figure 1.5.3). 

Multiple different serotypes of AAVs are available and they all present different 

characteristics. Their difference is mainly located on the capsid, more precisely in their 

receptor that determines their tropism (Pupo et al. 2022). However they are all 

considered as a high tropism delivery system and most of them can infect dividing and 

non-diving cells (Davis et al. 2024). These viruses are deemed safe due to minimal 

immunoreactivity, and though viral DNA integration has been observed, itôs considered 

rare, and their expression stays episomal (Zaiss and Muruve 2005; Naso et al. 2017). 

Moreover, when it does integrate, it is mostly done at a single site in chromosome 19 

of the human genome and does not present any harmful consequences (Sabatino et 

al. 2022). Although their expression is mostly episomal it is stable for a long time. 

Patients with Leber's congenital amaurosis, a rare genetic eye disorder, showed 

improvements even four years after injection with AAV, highlighting the enduring 

effectiveness of this approach (Maguire et al. 2019). 

In the context of repeat disorders and Cas9, AAVs were used to deliver Cas9 and its 

sgRNA into the striatum of a HD pig model (Yan et al. 2023). This approached aimed 

to replace the expanded CAG tract with a non-expanded tract. Inflammation was 

monitored by measuring levels of 3 cyokines: interleukin 1 beta, tumour necrosis factor 

alpha and interleukin-6. Results showed that all these cytokines shared the same 

expression as a untranduced group suggesting AAVs did not induce any inflammation. 

In a more recent study, AAV packaged with the Cas9 D10A nickase was injected into 

the brain of an HD mouse model with a sgCTG (Murillo et al. 2024). This approach 

aimed to confirm the previous results obtained in the HEK-GFP cell model showing 

repeat contraction when Cas9 D10A was used in combination with sgCTG. 1-, 2- and 

5-months post-infection, contraction of the CAG repeats was noticeable with no 

detected off-target effects, indicating the safety of this approach. Those results 

confirmed the contraction of repeats with Cas D10A and sgCTG and shed light on a 

novel therapeutic approach to potentially cure HD. 
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The primary limitation of AAVs is their cargo size, as they are restricted to packaging 

up to 5 kb of ssDNA. This capacity is insufficient to include both Cas9 and sgRNAs 

along with all necessary expression components. Consequently, Cas9 and the sgRNA 

must be packaged separately, reducing efficiency as cells need to be infected at least 

twice: once with the AAV containing Cas9 and once with the AAV containing the guide. 

This section highlights AAV's robust and safe delivery of Cas9, showing promise in 

treating CAG/CTG repeat disorders. However, the cargo size limitation poses a 

challenge for Sp Cas9. To address this, modifications to increase AAV cargo size or 

utilising smaller Cas9 orthologues such as Sa Cas9 and Cj Cas9 have been explored, 

both demonstrating effective editing in vivo (Ran et al. 2015; Kim et al. 2017). However, 

these smaller Cas9 variants cannot target CAG/CTG repeats due to their inability to 

recognise them as PAM sequences. Modifying Sa or Cj Cas9 to recognize CAG/CTG 

repeats as PAM sequences could significantly expand therapeutic possibilities for 

disorders caused by these expansions. 
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Figure 1.5.3: Infection cycle for AAV.AAVs contain DNA that is transcribed into RNA and then 
translated into new viral proteins. This virus rarely integrates into the host genome and 
remains mainly episomal. This figure was adapted from Biorender. 
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1.6 Molecular modelling  

 

Many strategies for modifying Cas9 have traditionally relied on empirical methods, 

employing cell-based assays or leveraging sequence information to design variants. 

An alternative avenue is the utilisation of molecular modelling. This technique involves 

creating an in silico representation of the target component to elucidate its mechanistic 

insights. Molecular modelling encompasses computationally probing the dynamics of 

molecular structures. This virtual system mirrors the biophysical characteristics of the 

actual system and, upon its establishment, can undergo analysis to understand and 

predict interactions (Leach 2001). It enables the examination of structural stability, 

hydrogen bonding patterns, dynamic flexibility, and numerous other properties. 

These interactions may involve the component's internal interactions among its 

constituent atoms (i.e. a protein), or the system can be coupled with another 

component for the examination of their mutual interactions (e.g. protein + RNA). This 

approach enables the study of various aspects, such as assessing the impact of a 

mutation on a specific protein, determining the strength of a protein's interaction with 

a ligand, or understanding the behaviour of a protein under specific conditions. 

1.6.1 Molecular dynamic simulation  

 

This method imitates the movement and interactions of atoms over a given time period 

(Hollingsworth and Dror 2018). Molecular dynamics (MD) simulations enable 

researchers to investigate the dynamic behaviour of molecules, covering aspects like 

their motion, conformational changes, and interactions with other molecules. The 

process of MD simulation involves several steps (Figure 1.6.1). The basic idea behind 

an MD simulation is straightforward. Individuals can calculate the force exerted on 

each atom by all others by knowing the positions of every atom within a biomolecular 

system. Consequently, Newtonôs laws of motion can be applied to forecast the spatial 

location of each atom over time (Figure 1.6.2). Specifically, the simulation progresses 

through time by iteratively calculating forces on each atom and subsequently adjusting 

their position and velocity accordingly. Ultimately, this process yields a three-

dimensional trajectory, like a movie, depicting the atomic-level arrangement of the 

system at each juncture during the simulated duration.  
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Figure 1.6.1: Overview of the different steps in a molecular dynamic simulation.The first steps 
aim to create the needed environment to run the molecular dynamic simulation.  

 

 

Figure 1.6.2: Newton's second law of motion.This equation is used in molecular dynamic 
simulation to predict the motion of atoms and molecules. 

 

The initial phase involves system preparation, typically starting with the target structure 

provided in a Protein Data Bank (PDB) file format, which stores three-dimensional 

structural data of molecules. The PDB-formatted protein is then placed within a 

specified environment using GROMACS (GROningen MAchine for Chemical 

Simulations), one of the most commonly employed software for MD simulations. 

GROMACS, being open-source and freely accessible, offers an array of analysis tools 

and undergoes regular updates to ensure its continued relevance and effectiveness. 

(Abraham et al. 2015). 
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In silico, a force field is implemented onto the protein, furnishing the essential 

parameters for simulation and dictating the characterisation of the system's potential 

energy contingent upon atom positions. These force fields encompass a collection of 

parameters and equations regulating interatomic interactions, spanning bond lengths, 

angles, torsions, and non-bonded forces like van der Waals and electrostatic 

interactions. Through delineating these interactions, force fields empower simulation 

software to compute the system's potential energy at each time increment, facilitating 

precise modelling of molecular dynamics and behaviours.  

Over the years, multiple forcefields were developed with 3 of them being the most 

used ones today, Optimized Potentials for Liquid Simulations (OPLS), Chemistry at 

HARvard Macromolecular Mechanics (CHARMM) and Assisted Model Building with 

Energy Refinement (AMBER). While these 3 forcefields are constantly updated and 

improved, the AMBER forcefield is often used for protein and nucleic acid interactions 

making it ideal to use for the CRISPR-Cas9 study (Duan et al. 2003). 

The system is then enclosed in a box, defining a specific space in which a solvent, 

often water, is added. Macromolecules function and interact within an aqueous 

environment in living organisms. By adding water molecules to the simulation, it aims 

to mimic the physiological conditions more accurately, providing a realistic 

environment for the biomolecular system under study. 

To counterbalance the system's charge, positive or negative ions are added, 

depending on its overall charge. Neutralisation is crucial as charges can disrupt the 

simulation (Ibragimova and Wade 1998). Charged molecules can attract or repel each 

other due to electrostatic forces. Counter ions are introduced to prevent overlooking 

important information by focusing solely on nearby particle interactions. 

Subsequently, an energy minimisation process is executed. This step is vital as it helps 

the system to reach a stable and low-energy configuration, ensuring a better 

equilibrated state during the MD simulation.  

A pre-run step follows, allowing the system to operate briefly to confirm stability and 

balance. Finally, the MD simulation is conducted, and specific data, like atoms 

fluctuation, and the stability of the protein can be extracted from it. 
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Multiple data like Root mean square deviation (RMSD) can be extracted from the 

simulation. These data represent the measure of the average distance for a group of 

atoms between a reference structure and the resulting structure (ie. the structure 

before the simulation and after the simulation). By analysing this distance, the stability 

of the complex can be estimated. Indeed, a high RMSD means the structure has 

moved a lot during the simulation while a low RMSD means the complex did not move 

much and has reached a stable conformation. 

Root means square fluctuations (RMSF) can also be extracted from the MD 

simulation. These data analyse the fluctuation of each atom within the system. Each 

atom has its fluctuation, and, in a protein, it is known that some domains will have a 

higher fluctuation than others which can provide motion to the protein. In the Cas9 

protein, for example, it was described that the HNH domain is the most fluctuating 

domain (Yamada et al. 2017). 

The number of hydrogen bonds can also be extracted from MD simulations. This data 

can provide insight into the binding force of a complex and its structural stability. 

 

1.6.2 In silico studies of CRISPR-Cas9  

 

Crystal structures of CRISPR-Cas9 systems have been developed and their 

interactions have been analysed in silico (Nishimasu et al. 2014; Nishimasu et al. 

2015; Yamada et al. 2017; Sun et al. 2019). These studies have discovered crucial 

information on the interaction of the different domains of the Cas9 protein, the 

importance and role of specific amino acids and depicted the interaction between the 

Cas9 protein and its sgRNA (Figure 1.6.3). 
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Figure 1.6.3: Residues of the Sa sgRNA interacting with the Sa Cas9 protein.This figure does 
not show interaction for the stem loop 2 as this was not successfully crystalized. Adapted from 
(Nishimasu et al. 2015). 

 

MD simulations have been extensively used to understand the dynamics and 

mechanisms by which Cas9 cleaves double-stranded DNA and its interactions. These 

studies have shown that the HNH domain of Cas9 is highly flexible, enabling it to 

reposition for effective DNA cleavage rapidly (Saha et al. 2022). This process is 
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facilitated by an initial interaction between the non-targeted strand and the HNH 

domain, which enables the docking of the HNH domain to the targeted strand.  

Further simulations were conducted to explore how Cas9 interacts with the sgRNA. 

These simulations, performed both in the presence and absence of sgRNA, revealed 

that the presence of the sgRNA triggers a significant conformational change in Cas9, 

particularly in the REC domain, to accommodate the sgRNA (Saha et al. 2022). More 

analyses have shown that in the presence of the sgRNA, the Sa Cas9 present an 

RMSF significantly lower than in the absence of the sgRNA (Mangin et al. 2024). This 

suggests that when the sgRNA has fit inside the Cas9, it increases the overall stability 

of the protein.  

In addition to these findings, the critical role of specific arginine residues in the Cas9 

bridge helix was highlighted (Bratoviļ et al. 2020). These residues significantly 

influence the binding of the sgRNA and the subsequent DNA binding cleavage. 

Specifically, residues R63, R66 and R70 help stabilise the R-loop near PAM-adjacent 

mismatches, which can reduce Cas9ôs specificity. On the other hand, Q768 plays a 

role in how Cas9 responds to mismatches at different positions along the DNA. 

Interestingly, when R63 and Q768 were mutated to alanine, Cas9ôs sensitivity to 

mismatches increased across various systems, including in vitro, bacteria and human 

cells. This allowed the creation of a specific Cas9 variant.  

MD simulation has also been employed on CRISPR-Cas9 to investigate off-targets 

and PAM sequence recognition(Ricci et al. 2019; Collias et al. 2020). To understand 

the mechanism of off-targets, MD simulations were performed with mismatches at 

various positions of the sgRNA sequence. The results showed that mismatches up to 

position 17 cause an extended opening of the RNA-DNA hybrid, allowing the L2 loop 

of the HNH domain to lock the domain in an inactive state, preventing cleavage. 

However, mismatches at positions 18 to 20 do not cause this lock state allowing the 

HNH domain to remain active and to cut DNA. This implies that improving the lock 

state induced by the L2 loop could prevent off-targets. 

Finally, in silico development of Sa Cas9 variants has been achieved by introducing 

point mutations then MD simulations in combination with free energy perturbations 

were performed to estimate the editing efficiency of these variants (Luan et al. 2019). 

A successful establishment of a direct correlation between free energy perturbations 



60 
 

and editing efficiency in cells confirmed the reliability of this approach for designing 

novel CRISPR-Cas9 systems through a computational approach.  
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1.7 Aims of the thesis  

 

The Sp Cas9 has shown relevant results for gene editing. Moreover, the D10A nickase 

has been shown to contract CAG/CTG repeats when combined with a sgRNA targeting 

the repeat tract directly (sgCTG). This shows promising results as a treatment for 

CAG/CTG repeat disorders like HD. However, the Sp Cas9 is too big to fit alongside 

its sgRNA into one single AAV. To use it, the Cas9 has to be packaged in one capsid 

and the sgRNA in a separate one. This drastically reduces the efficiency of editing as 

some cells will be infected by the AAV containing only the Cas9 and some with the 

AAV containing the sgRNA. Increasing the quantity of AAV could overcome this issue 

but large quantities of AAVs can induce immunoreaction. 

To overcome this issue, this thesis has two approaches: 

1.  To develop Cas9 hybrids using the advantages of smaller Cas9s. The hybrid 

proteins would be small enough to be packaged inside one AAV and would still 

be able to target CAG/CTG repeats. 

 

2. The second approach is to study newly described smaller RNA-guided 

endonucleases which could target CAG/CTG repeats and could be an 

alternative to Sp Cas9. 
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2 Chapter 2: Material and Methods 
 

2.1 CELL CULTURE 

 

2.1.1 Cell lines and growth conditions 

 

HEK293-derived GFP(CAG)0 and GFP(CAG)101 cells were a gift from John H. 

Wilson(Santillan et al. 2014). These cells contain a transcription-dependent GFP 

reporter which is present as a single copy. CAG repeats within the intron of a GFP 

mini-gene interfere with splicing. GFP intensity is therefore affected by the length of 

the CAG repeat tract. Transcription is driven by a doxycycline (Dox)-inducible 

promoter. The cells were maintained at 37ÁC with 5% CO2 in Dulbeccoôs Modified 

Eagleôs Medium (DMEM) supplemented with 10% Dialyzed Fetal Bovine Serum (D-

FBS), 5% Penicillin-Streptomycin (PS) (Thermofisher), 15 ɛg/mL Blasticidin S HCL 

(Fisher Scientific-12172530) and 150 ɛg/mL Hygromycin B (Thermofisher-10453982). 

2.1.2 Trypsinisation and cell counting 

 

Cells were detached from tissue culture plates using trypsin with 0.05% 

Ethylenediaminetetraacetic acid (EDTA) and phenol red (Thermo Fisher Scientific-

25300054). For a 10 cm plate, media was removed, the plate was washed with 2 mL 

Phosphate Buffered Saline (PBS) to remove any trace of FBS and 2 mL of trypsin was 

added to detach cells. Cells were incubated for 2 min at 37ÁC before adding 8 mL fresh 

culture media to inactivate trypsin. Cells were then harvested in a 15 mL falcon tube 

(Fisher Scientific-10738771) and if necessary, a sample was taken for cell counting. 2 

mL of cell suspension was plated in a 10 cm cell culture dish (Sigma-Aldrich-93100) 

supplemented with 8 mL of media. 

Cells were counted using the NucleoCounter NC-250 (Chemometec) and NC-Slide A8 

(Chemotec-942-0003). Briefly, 20 ɛL of cells were taken and mixed thoroughly to break 

clumps and 1 ɛL of Acrydine Orange and 4ô,6-diamidino-2-phenylindole (AO-DAPI) 

staining reagent (910-3018) was added and incubated for 1 min.  
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2.1.3 Freezing and thawing cells 

 

Around 1x106 cells were centrifuged for 5min at 200 rcf. The media was carefully 

removed, and the cell pellet was resuspended in freezing media (90% of media 

containing 10% FBS plus 10% Dimethyl Sulfoxide). 1mL of cells was dispatched in 

cryovials (Sarstedt-72.380.002) and frozen down to -80ÁC using a CoolCell freezing 

vial container (Fisher Scientifc-432000). After 24 h, cells were moved in liquid nitrogen 

for long-term conservation. 

Cells were thawed in a water bath at 37ÁC. 1mL of growth media was added to the 

cells and they were centrifuged for 5min at 200 cf. The media was removed, and the 

cells were resuspended in 10mL of growth media and moved in a 10cm dish plate. 

 

2.2 CRISPR/Cas9 hybrids in vitro  

 

2.2.1 Plasmid transformation, production and validation 

 

Plasmids were transformed in DH5-Alpha cells as they are routinely used in the lab 

and efficient enough to transform plasmid. 50 ng of plasmid DNA were incubated with 

80 ɛL of DH5-Alpha for 30 min on ice. The cells were heat shocked for 45 sec at 42ÁC 

in a water bath and put back on ice for 2 min. 200 ɛL of pre-warmed (37ÁC) Lysogeny 

Broth (LB) media (Thermo Fisher Scientific-12780052) were added and the cells were 

incubated for 1 h at 37ÁC in an Innova S44i bacteria shaker (Eppendorf). After 1 h, the 

cells were inoculated on a selective LB agar (Thermo Fisher Scientific-22700025) 

plate containing 100 ɛg / mL of ampicillin (SLS-A9518) and incubated upside down 

overnight at 37ÁC in a Heratherm bacteria incubator (Thermo Fisher Scientific). One 

single colony was picked and inoculated in 5 mL of LB media supplemented with 100 

ɛg/mL of ampicillin and incubated at 37ÁC with agitation. After incubation, a glycerol 

stock of bacteria was made by diluting 500 ɛL of bacteria culture into 500 ɛL of 50% 

glycerol (SLS-G7757) and stored at -80ÁC. Plasmid DNA was extracted using the kit 

GeneJet Plasmid miniprep and according to kit manufacturer recommendations 

(Thermofisher-K0503). DNA was eluted in water and quantified using a Nanodrop 

(Denovix DS-11). 
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Plasmid inserts were validated by using the Sanger sequencing service from Genewiz. 

5 ɛL of template DNA at 30-100 ng/ɛL were mixed with 5 ɛL of appropriate primer (5 

ɛM) and sent to Genewiz for sequencing. The sequence files were extracted as AB1 

files and the sequence was analysed using CLC Main Workbench 22.  

 

2.2.2 Plasmid cloning of OgeuIscB scaffold 

 

The plasmid pHS0812, available on addgene, containing the sgRNA scaffold of 

OgeuIscB was digested for 1h with BbsI enzyme (New England Biolabs-R0539S) at 

37ÁC. The digested DNA was separated on an agarose gel as described in section 

2.3.3. The DNA was visualized using a UV transilluminator (Fisher Scientific-

13193102) and the digested plasmid was cut out from the gel. The GeneJET gel 

extraction kit (Thermo Fisher Scientific-K0691) was used to extract and purify the 

digested DNA from the agarose. T4 DNA ligase (Thermo Scientific-EL0013) and 

primers were used to insert the sgRNA target sequence upstream of the sgRNA 

scaffold with the following protocol Table 2.2.1. 

Reagent (Stock) 1X reaction (ɛL) 

T4 DNA ligase buffer 10X 2 

Digested DNA (50ng/ɛL) 1 

Primer 1 (10ɛM) 1 

Primer 2 (10ɛM) 1 

T4 DNA ligase 1 

Nuclease-free water Up to 20 

Table 2.2.1: DNA ligation using T4 DNA ligase.The concentration of reagents and their volume 
used are indicated. 

The new DNA ligation product was transformed into competent bacteria as described 

in the section 2.2.1. 

The primers used to insert the different sgRNA target sequences are listed in the Table 

Primer sequences (Appendix). For each sgRNA, the sequence was verified with 

Genewiz services and prepared as described at the end of the section 2.2.1. 
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2.2.3 Transient Transfection 

 

On day 0, 4x105 cells were seeded in a 12-well plate. 24 h later, 50 ɛL of Opti-MEM 

were mixed with 1 ɛg final of plasmid DNA. 50 ɛL of Opti-MEM containing 1.5 ɛL of 

Lipofectamine 2000 were added to the Opti-MEM containing DNA previously prepared 

and the reaction was incubated for 15 min at room temperature. After 15 min, the 100 

ɛL of reaction were added directly onto the cells in selection-free media as some 

antibiotics can inhibit transfection (not the case for PS). After 6 h, the media was 

removed and replaced with 1mL of media containing antibiotics and supplemented 

with 1 ɛg/mL of Dox. The efficiency of transfection was confirmed by transfecting one 

sample with a plasmid encoding for Blue Fluorescent Protein (BFP). The presence of 

blue cells was analysed 24 h after transfection using the Evos FL Auto 2 (Thermo 

Fisher Scientific).  

2.2.4 GFP intensity analysis 

 

Cells were harvested (as described previously in, the section 2.1.2) and centrifuged at 

200 rcf for 5 min. The supernatant was removed, and the cell pellet was washed with 

PBS to remove any trace of FBS. The cells were centrifuged again at 200 rcf for 5 min 

and the PBS was removed. The cell pellets were resuspended in PBS with 10 mM of 

EDTA (Sigma-E6758) and passed through a cell strainer (Fisher Scientific- 10585801) 

to remove any clump. The GFP intensity was measured using the Attune NxT flow 

cytometer with the following settings: FSC: 80; SSC: 370; BL1: 250.  

FCS files were analysed using the software FlowJo version 10.8.1. 
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2.3 DNA ANALYSIS 

 

2.3.1 DNA extraction and quantification 

 

Genomic DNA was extracted using the NucleoSpin Tissue Kit (Fisher Scientific-

11982262). DNA was eluted in water and quantified using a Nanodrop (Denovix DS-

11). 

2.3.2 Polymerase Chain Reaction (PCR) 

 

Polymerase Chain Reaction (PCR) was used to amplify specific fragments of DNA 

including areas of the genome with a DSB induced (GFP assay section 4.3.5) and to 

verify the number of repeats in GFP(CAG)101 and GFP(CAG)0 cell lines. 100 ng/ɛL 

DNA was used per reaction and the reagents in Table 2.3.1 were added. 

 

Reagent (Stock) 1x reaction (ɛL) 

Mango Buffer 5X 10 

dNTPs (100 nm) 1 

Forward Primer (100 ɛM) 1 

Reverse Primer (100 ɛM) 1 

MgCl2 1 

DMSO 1.5 

Manto Taq polymerase 1 

DNA (100 ng/ɛL) 1 

Nuclease-free water up to 50  

Table 2.3.1: Reagents and volume for classic PCR.The concentration of reagents and their 
volume used are indicated. 

The reactions were cycled using Mastercycler nexus GSX1e (Eppendorf). For 

verification of CAG repeat length, the conditions in Table 2.3.2 were used, for 

amplifying regions with a targeted DSB, the conditions in Table 2.3.3 were used. 
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Temperature Time Cycles 

95ÁC 5ô - 

95ÁC 30ôô 35 

62ÁC 30ôô 35 

72ÁC 1ô30 35 

72ÁC 10ô - 

10ÁC Hold - 

Table 2.3.2: PCR program conditions for amplifying CAG repeats.This table indicates the 
temperature and the time for each step. 

 

Temperature Time Cycles 

95ÁC 5ô - 

95ÁC 30ôô 35 

55ÁC 30ôô 35 

72ÁC 1ô 35 

72ÁC 10ô - 

10ÁC Hold - 

Table 2.3.3: PCR program conditions for the amplifying region of the genome with a targeted 
DSB.This table indicates the temperature and the time for each step. 

2.3.3 Gel Electrophoresis 

 

PCR products were resolved using agarose (Fisher Scientific-BP1356100) 

TrisȤacetateȤEDTA gel electrophoresis. 6 ɛL/mL of peqGREEN (VWR-732-2960) was 

added for 100mL agarose gel and 20 cm gels were run at 110 V for ~40 min. DNA 

products were visualised using a gel documentation system (G: BOX -Syngene). 

2.3.4  T7 Endonuclease I assay 

 

Annealing of PCR products was performed by combining 200 ng of amplified DNA with 

2 ɛL of 10X NEBuffer 2 (New England Biolabs-B7002S) and adding nuclease-free 

water to a final volume of 20 ɛL. The reactions were annealed in a thermocycler under 

the conditions in Table 2.3.4. 
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Temperature Ramp rate Time 

95ÁC - 5ô 

95ÁC-85ÁC -2ÁC/second  

85ÁC-25ÁC -0.1ÁC/second  

10ÁC - Hold 

Table 2.3.4: Conditions for annealing PCR products.This table indicates the temperature, the 
ramp rate and the time for each step. 

After annealing, 1 ɛL of T7 endonuclease I (New England Biolabs- M0302S) was 

added to every reaction while 1 ɛL of nuclease-free water was added for every 

negative control. Products were visualised as previously described in section 2.3.3. 
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2.4 PROTEIN IDENTIFICATION 

 

2.4.1 Protein extraction 

 

Proteins were extracted using commercial RIPA buffer (Fisher Scientific-R0278). 

Briefly, cell pellets were resuspended in 100 ɛL of RIPA buffer and agitated for 30 min 

at 4ÁC. The samples were centrifuged at 13,000 rcf for 20 min at 4ÁC. The supernatant 

was transferred to a new chilled tube and kept on ice. The quantification was done 

using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific-

23225). A standard curve was prepared by diluting one ampule of 2 mg/mL albumin in 

9 different concentrations ranging from 0 to 2000 ɛg/mL. A working reagent was 

prepared by mixing 50 parts of BCA reagent A to 1 part of BCA reagent B. 25 ɛL of 

standards and samples were added to a 96-wells plate and 200 ɛL of working reagent 

were added to each well. The samples were previously diluted 1/5 in RIPA buffer to 

ensure their concentration would fit in the standard curve. Standards and samples 

absorbance analysis was performed in duplicate. The plate was shaken briefly, 

wrapped in foil and incubated for 30 min at 37ÁC protected from light. The absorbance 

was measured using a microplate reader (BMG Labtech FLUOStar Omega) at 562 

nm. A standard curve was determined from the standards absorbance and the 

samples concentration was calculated using the equation of the curve. 

2.4.2 Western Blotting 

 

To perform western blotting, 1X of lithium dodecyl sulfate (LDS) sample buffer (Fisher 

Scientific-13276499) was added to 20 ɛg of protein. The samples were boiled for 10 

min at 70ÁC and loaded on a 4-12% Bis tris gel (Thermo Fisher Scientific-

NW04120BOX). The proteins were separated at 165 V for 35 min in a 1X Bolt MES 

SDS running buffer (ThermoFisher Scientific- B0002). The proteins were transferred 

onto a nitrocellulose membrane (Bio-Rad-1620146) at 10 V for 1h in a 1X Tris-Glycine 

buffer. The membrane was blocked for 1h in PBS supplemented with 1% Tween20 

(Merck-P1379) and 5% milk (Merck-70166) then incubated overnight with an anti-flag 

antibody (Sigma-F1804) or actin antibody (Sigma-A5441) at 4ÁC. The membranes 

were washed 3 times for 10 min in PBS-Tween20 and the secondary blotting was 

performed for 1 h at room temperature in an Alexa Fluor 680 anti-mouse antibody 
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(Invitrogen-A21058). The membranes were washed again 3 times for 10 min in PBS-

T. The blot was imaged using Licor Odyssey CLX. 
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2.5 Molecular Dynamics simulations 

 

2.5.1 In silico models 

 

The crystal structures required to run MD simulation were obtained from 

https://www.rcsb.org/. Many structures are freely available and information such as the 

methods to obtain the structure or resolution are indicated in the PDB file or associated 

DOI. For Streptococcus pyogenes Cas9, the structure (PDB ID:4OO8) in complex with 

its sgRNA and target DNA was used. X-RAY diffraction was used to crystallise this 

complex at a resolution of 2.50 ¡ with a total atom count of 24 153.  For the crystal 

structure of Staphylococcus aureus, the structure (PDB ID:5CZZ) in complex with 

sgRNA and target DNA was used. X-RAY diffraction was used to crystallise this 

complex at a resolution of 2.60 ¡ with a total atom count of 10 834. This structure was 

lacking the stem loop 2 of the sgRNA. For the Campylobacter jejuni structure, the 

structure (PDB ID:5X2G) in complex with sgRNA and target DNA was used. X-RAY 

diffraction was used to crystallize this complex at a resolution of 2.40 ¡ with a total 

count of atoms of 8967. This structure was lacking the HNH domain from the Cas9 

protein. The HNH domain was replaced by a GGGSGG linker. 

2.5.2 In silico modeling of Cas9 hybrids 

 

The software Molecular Operating Environment (MOE) was used to design the Cas9 

hybrids. To create a SaSp Cas9, the Cas9 structures Sa and Sp were opened on the 

same window. The Sp PID (1100-1369AA) was kept while the rest of the protein was 

removed, then the Sa PID was removed while the rest of the protein was kept (1-

910AA). The Sp PID was fused to the N-terminal of the Sa Cas9 creating the SaSp 

Cas9.  To create a CjSp Cas9, the Cas9 structures Cj and Sp were opened on the 

same window. The Sp PID was kept while the rest of the protein was removed, then 

the Cj PID was removed while the rest of the protein was kept (1-828AA). The Sp PID 

was fused to the N-terminal of Cj Cas9 creating the CjSp Cas9. To make a nickase 

mutation, a D10A mutation was made for SaSp and D8A for CjSp using the protein 

editing function on MOE. 

  

https://www.rcsb.org/
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2.5.3 In silico modeling of sgRNA hybrids 

 

The sgRNA hybrids were made by inducing direct base change on the sgRNA from 

Sp, Sa or Cj complex. An energy minimisation was run on MOE on the sgRNA hybrids 

to avoid clashes between the sgRNA hybrids and the Cas9 protein hybrids. Once the 

Cas9 protein hybrid and the sgRNA hybrid were both generated, the complex was 

saved as a PDB file to run MD simulations.  

2.5.4 Preparation of Molecular dynamic simulation  

 

The preparation steps were performed using the Supercomputing Wales (SCW) 

system and PuTTY was used to access it. The molecular dynamics package 

GROMACS was loaded first to prepare the simulation. The MD simulation was 

performed using the previously generated PDB file. To prepare the MD simulation, the 

structure must be set up in specific conditions first. A forcefield is set up to establish 

the rules governing how the atoms of the whole system will be handled. The forcefield 

AMBER03 was used to create the stable environment needed. Forcefields are 

constantly improved, and this one is particularly efficient to run MD simulations 

containing protein and nucleic acid in combination. To replicate real-world conditions, 

the complex Protein-RNA and DNA was set in a box which was at least 0.9 nm away 

from each side. The box was then filled with TIP3 water molecules to create a more 

realistic environment. The system was then neutralised either by adding Na+ or Cl- 

ions depending on the overall charge. This step is essential because we employ the 

particle mesh Ewald (PME) method to calculate long-range electrostatic interactions, 

which necessitates maintaining charge neutrality(Ibragimova and Wade 1998). An 

energy minimisation was run with a maximum of 3000 steps and a maximum energy 

barrier of 1000 kJ/mol/nm. This step is essential to avoid any clashes between the 

atoms and find the most stable conformation for the complex which will also 

correspond to a local minimum energy conformation for the complex. The different 

steps and their aim are described below. 
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Figure 2.5.1: List of commands used to run the set up and the energy minimization using 
GROMACS.  

2.5.5 Molecular dynamics simulation 

 

During the MD simulation, the temperature was set at 310K and the v-rescale coupling 

method is used to maintain this temperature. The pressure is set at 1 bar and a 

Berendsen barostat was used to regulate and maintain this pressure. The whole 

simulation was composed of 5 different groups: protein, RNA, DNA, ions and water. 

The MD simulation was run for a total of 100ns and trajectory files were made from 

them. From these trajectory files, data was extracted to analyse stability and binding 

interactions. Every MD simulation was run using GROMACS version 2018.2 (Abraham 

et al. 2015) and using the supercomputing facilities at Cardiff University operated by 

the Advanced Research Computing at Cardiff. 

 

Figure 2.5.2: List of commands used to pre-run and run the molecular dynamic simulations.  

2.5.6 Stability of the complex 

 

The stability of the different complexes made were studied by extracting RMSD, RMSF 

and HB. Each of these are modules built in GROMACS. To do so, the trajectories are 

first compressed, and water molecules removed. This aims to reduce the file size, 

facilitate access to it and smaller documents are easier to handle. The RMSD gives 
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an overall view of the stability of a complex as it represents the measure of the average 

distance for a group of atoms between a reference structure and the resulting 

structure. In this case, it will give the average distance between the structure before 

and after the MD simulation. For every trajectory file, the rms command was used to 

extract the RMSD at 10 ps intervals. An average of the RMSD was made including 

only the values between 10 and 100 ns, the first 10 ns are used as a warm-up for the 

system and discarded for all downstream analysis. RMSF gives a fluctuation value for 

every atoms of a system. It relates to the movement of each individual residue over 

time of the MD simulation. The RMSF was extracted using the rmsf command. The 

hydrogen bonds can give insight of how strong different groups interact together and 

the stability of a system(Pace et al. 2014).The number of hydrogen bonds between 

protein-RNA; protein-DNA and RNA-DNA were extracted using the hbond command. 

The following commands were used to compress and extract data. 

 

Figure 2.5.3: List of commands used to extract the RMSD, RMSF and hydrogen bonds. 

2.5.7 Binding energy 

 

The MMPBSA method was used to precisely determine the interaction between each 

base of the sgRNA hybrid and the protein hybrid. A GROMACS integrated tool was 

developed to perform these calculations34. The files and instructions needed to run it 

were found on: https://rashmikumari.github.io/g_mmpbsa/. This method combines 

calculations of potential energy in a vacuum, polar solvation energy, and non-polar 



75 
 

solvation energy. The binding energy with g MMPBSA, even if less computationally 

hungry than other methods, remains time-consuming. To reduce the computational 

burden and make the analysis possible, the last 100 frames of the molecular dynamics 

simulations were extracted and used to calculate the binding energy between the 

sgRNA and the protein. 

 

Figure 2.5.4: List of commands used to calculate the binding energy and to obtain binding 
energy for each residue.  
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3 Chapter 3: In silico development of compact 

CRISPR/Cas9 system 
 

3.1 Introduction  

 

Since 2012, the CRISPR/Cas9 system has been widely studied and modified. The 

most studied Cas9, from S. pyogenes, has also been widely modified and different 

variants of this protein are available. Some variants were made to reduce the off 

targets frequency to increase its safety (Kleinstiver et al. 2016; Slaymaker et al. 2016; 

Casini et al. 2018; Lee et al. 2018; Kulcs§r et al. 2020). Indeed, improving the 

specificity of the Sp Cas9 could make it a more viable therapeutic approach. Other 

variants were made to change the PAM preference of this Cas9 (Hu et al. 2018; 

Nishimasu et al. 2018b; Walton et al. 2020). The Sp Cas9 PAM has been defined as 

NGG but can also be NAG (Mojica et al. 2009; Tsai et al. 2015). Reducing the length 

of its PAM would enhance its usability and convenience. Indeed, having a shorter PAM 

means more PAM sites available for editing. This is important because some places 

in the genome are particularly difficult to target. These modifications were designed to 

boost the flexibility of Sp Cas9 by expanding the range of locations it could bind to. 

Different ways of developing the Cas9 variants were used. Some studies tried to create 

specific point mutations on known residues which play a role in the Cas9 and sgRNA 

or Cas9 and DNA interaction (Kleinstiver et al. 2016; Slaymaker et al. 2016; Chen et 

al. 2017; Nishimasu et al. 2018b; Kulcs§r et al. 2020). Others developed variants by 

performing random mutation and selected their mutants through a screening process 

(Casini et al. 2018; Hu et al. 2018; Lee et al. 2018). 

However, one of the major issues with the Sp Cas9 that has not been addressed is its 

size. The protein itself is about 1368 amino acids long and is too big to fit with its 

sgRNA inside one AAV. AAVs are one of the best delivery systems available because 

they display low immunoreactivity, have a wide tropism, and their viral DNA does not 

integrate easily within the host genome(Wang et al. 2019; Haggerty et al. 2020). 

Nonetheless, to achieve any genetic edits, the cells must be co-infected with two 

AAVs: one expressing the Cas9 and the other the sgRNA. As a result, more than twice 

the amount of viruses must be administered if both components are to be in the same 
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cells. While increasing the quantity of AAV could circumvent this issue, it would result 

in higher costs and an elevated risk of triggering an immune response. Alternatively, 

smaller Cas9 orthologs can be substituted for Sp Cas9. Some of these, such as Sa 

and Cj, have demonstrated potent editing capabilities in mammalian cells and in 

vivo(Ran et al. 2015; Kim et al. 2017; Tan et al. 2019) . However, their PAM sequence 

recognition is less versatile, with Sa Cas9 recognizing NNGRRT (where R is a purine) 

and Cj Cas9 recognising NNNNRYAC(Nishimasu et al. 2015; Kim et al. 2017). Their 

specific PAM sequences limit their applicability and render them incapable of editing 

certain DNA regions. Thus, in some circumstances, there will be a need to use the Sp 

Cas9, and other orthologues will not be appropriate. Although some chimeric Cas9 

have been developed, none of them aimed to reduce the size of the Cas9(Nishimasu 

et al. 2014; Zhao et al. 2023) . To this date, there has been no successful attempts at 

developing a smaller Cas9. 

3.2 Aims of the chapter  

 

This chapter aimed to develop compact CRISPR/Cas9 and sgRNA pairs in silico by 

substituting the PID of Sa and Cj Cas9 with the PID from Sp Cas9. The goal was to 

create Cas9 hybrids that retained the PAM sequence recognition of Sp Cas9 but could 

fit into a single AAV together with a sgRNA cassette (Figure 3.2.1). Two Cas9 hybrids 

were made by swapping the PID of Cj and Sa Cas9 with that of Sp. Replacing the PID 

of Sa by Spôs PID created the SaSp with a final size of 1179 amino acid and a predicted 

PAM to be NGG/NAG. Replacing the PID of Cj by Spôs PID created the CjSp with a 

final size of 1097 amino acid and a predicted PAM to be NGG/NAG. 
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Figure 3.2.1: Domain organisation of the Sp, Sa and Cj Cas9 as well as the hybrids developed. 
For each Cas9, their size and expected PAM is indicated. 

  

It is known that the sgRNA interacts extensively with multiple domains of the 

protein(Nishimasu et al. 2014), making each Cas9 orthologue / sgRNA orthologue 

specific and unique; a sgRNA from one species cannot interact with the Cas9 

orthologue, unless they are closely related species. Research has demonstrated that 

Sp Cas9 can facilitate editing when it interacts with the sgRNA from St3 Cas9(Fonfara 

et al. 2014). In contrast, Cj Cas9 is unable to interact with Sp sgRNA, and 

consequently, cannot initiate any DNA cleavage (Fonfara et al. 2014). 

Hence, I had to design sgRNA hybrids to investigate the effective interaction between 

my hybrid Cas9 protein and its corresponding sgRNA. To develop sgRNA capable of 

interacting with the SaSp Cas9 or the CjSp Cas9, I swapped the crRNA and tracrRNA 

sequences between the Sp and the Sa sgRNAs or the Sp and Cj sgRNAs (Figure 

3.2.2).  

The Sp sgRNA contains 3 stem loops while the Sa sgRNA contains 2. By swapping 

these stem loops, I was able to generate various sgRNA hybrids. Moreover, adding 

stem loops to different sgRNAs also helped to understand their impact on the 

interaction with the Cas9. Specifically, Sam, MSam and LSam differ solely in the 

number of stem loops they contain.  
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A further two sgRNAs containing Cj and Sp sgRNA sequences (Bilbo and Rosy) were 

developed and associated with the CjSp protein (Figure 3.2.2). The Cj sgRNA contains 

a triple helix with its 3 stem loops interacting all together (Yamada et al. 2017). The 

presumption was that if one of the stem loops were replaced, it would disrupt the 

interaction between them, thereby influencing the conformation and interactions of the 

sgRNA. 

 

 

 

Figure 3.2.2: Schematic representation of the sgRNA hybrids tested.7 sgRNAs were 
developed using Sp and Sa sgRNA sequences while 2 sgRNAs were developed using Sp and 
Cj sequences. 

 

Recently, various Sa Cas9 variants have been developed through computational 

modelling, and the strength of their biomolecular interaction with DNA has been 

directly correlated with their editing efficiency in cells(Luan et al. 2019). Therefore, I 

opted for an in silico approach to create and investigate hybrids Cas9 protein's 

interaction with hybrid sgRNAs. Employing an in silico approach offers a deeper 

understanding of the interactions within a CRISPR/Cas9 complex, particularly 

between the protein and sgRNA, and enables me to develop the most optimal Cas9-

sgRNA complex. I performed MD simulation with various system ( e.g. SaSp + Frodo, 
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CjSp + Rosy) and the extracted data were used to assess their stability. MD simulation 

is a computational technique used to study the behaviour and interactions of atoms 

and molecules over time. Moreover, I determined the binding energy between each 

Cas9 protein and the different sgRNA hybrids developed using the MM-PBSA 

approach. This approach was used to calculate the binding energy between the 

protein and sgRNA hybrids providing insights into the interaction dynamics of the Cas9 

protein and its sgRNA. This method facilitates the assessment of the interaction 

strength between a ligand and a receptor through a three-step calculation process. 

The first step involves determining the potential energy in vacuum, followed by the 

computation of the polar solvation energy and the non-polar solvation energy (Figure 

3.2.3). By combining these three calculations, the average binding energy can be 

computed and extracted, offering a comprehensive understanding of the interaction 

between the Cas9 protein and its sgRNA. This last data would decide which system 

would be the most likely to work in cell. 

 

Figure 3.2.3: Principle behind binding energy calculations. The blue boxes represent the 
system in water whereas the white boxes are in vacuum. 
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3.3 Results  

 

3.3.1 Biophysical properties of SaSp Cas9 in combination with Frodo 

 

The Frodo sgRNA tested is an association of the Sa and the Sp sgRNA (Figure 3.3.1). 

Itôs composed of the crRNA of the Sa sgRNA and the 3 stem loops of the Sp sgRNA. 

 

 

Figure 3.3.1: Cartoon description of the Frodo sgRNA composition. 

 

The RMSD was obtained from the molecular dynamic simulation for the protein, DNA, 

and RNA. This metric serves as a measure of the average distance of a group of atoms 

between a reference structure and the resulting structure, representing the deviation 

between the initial structure and the structure after the simulation. The RMSD values 

were extracted individually for the protein, RNA, and DNA. 

The protein RMSD of SaSp protein in combination with Frodo reached an average of 

6.0 ¡ and was significantly different than the WTs (Figure 3.3.2A, P-value <0.0001), 

all of which were below 4.0 ¡. The RNA RMSD of Frodo was also significantly different 

than the WTs reaching an average of 8.0 ¡ while the WTs were all lower than 3.0 ¡ 

(Figure 3.3.2B, P-value <0.0001). The DNA RMSD of SaSp in combination with Frodo 

was showing a value of 3.7 ¡ and was significantly different than the WTs (Figure 

3.3.2C, P-value <0.0001). The SaWT also showed higher value than SpWT and CjWT 

reaching an average of 3.0 ¡ while SpWT and CjWT deviation were 1.7 ¡ and 2.1 ¡ 

respectively. 

Overall, the hybrid system displayed higher RMSD than the WTs for every components 

of its system. This is indicating that the hybrid system components are deviating from 

their initial position more than in a WT system. This suggests that the hybrid is less 

stable than the WTs. 
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Secondly, the number of hydrogen bonds was extracted from the molecular dynamic 

simulation. A lower number of hydrogen bonds may suggest weaker interaction 

strength. To confirm this, I examined the number of hydrogen bonds between protein-

RNA, protein-DNA, and RNA-DNA in my hybrids, comparing them to the 

corresponding values in the WT. 

The number of hydrogen bonds between protein-RNA was higher for the hybrid with 

123 bonds made while the SaWT had 100 bonds and SpWT 106 bonds made (Figure 

3.3.2D). The CjWT had a lower number of bonds made with 77. The hybrid system 

made a total of 42 connections between the protein and the DNA.  (Figure 3.3.2E). 

The SaWT made 32 bonds while CjWT had 37. Interestingly, SpWT showed lower 

value than the other WTs with 17 bonds. Finally, the number of hydrogen bonds 

between RNA-DNA showed close values between every systems (Figure 3.3.2F). 

Indeed, Frodo made 53 bonds while the SaWT, SpWT and CjWT had 49, 53 and 51 

respectively. In summary, the hybrid system exhibited a hydrogen bond count that 

corresponded to the number of hydrogen bonds present in the WT system. This is 

indicating that the hybrid system, even if deviating more than the hybrid, can still form 

the same amount of bonds in his system. 

The RMSF provides the fluctuation value for each atom within a system, offering 

insights into the flexibility of a domain and indications of the system's stability. I opted 

to extract the RMSF for every component of my system and compare it with their 

respective WTs. The rationale behind this is that a higher RMSF for a specific residue 

in the hybrid, compared to the WTs, could suggest that this particular residue has 

experienced a change in its interaction level or has lost interactions with surrounding 

atoms. The RMSF of both the protein and the sgRNA was obtained. The Sa sequence 

of the SaSp was compared to the SaWT sequence, and the Sp sequence of the SaSp 

(the PID) was compared to the SpWT PID. 

The RMSF of the SaSp Cas9 + Frodo complex showed a similar pattern than SaWT 

(Figure 3.3.2G). The HNH was, for both proteins, the most fluctuating domain and a 

high fluctuating residue was observed in the RuvCIII domain. This is suggesting that 

in the hybrid system, this residue has different interaction than in the WT system. A 

high fluctuating residue in the WED domain was also present for the SaSpCas9 + 
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Frodo only. As this residue is at the end of the WED domain, this could indicate itôs a 

residue which previously had interaction with the following domain, the PID, and has 

different interactions in this system. The PID RMSF of the SaSpCas9 + Frodo showed 

similar variation than the SpCas9 with similar peaks at specific locations in the domain 

(Figure 3.3.2H). However, there was a notable fluctuation for the hybrid around residue 

1000. This is suggesting these residues have different interaction in this domain and 

are fluctuating more in the hybrid system. Lastly, the fluctuation of the sgRNA showed 

similar peaks than its relative WTs except a high fluctuation for the last residues 

suggesting the stem loop 3 has more flexibility in this sgRNA compared to the Sp 

sgRNA (Figure 3.3.2I). 

In summary, the SaSp protein is fluctuating similarly to the Sa protein. Nevertheless, 

the PID fluctuation in SaSp exhibits variations compared to that of Sp. The sgRNA 

demonstrates fluctuation comparable to its relative WTs, except the last stem loop 

which shows much higher value. 

As a final analsis, binding energy between the SaSp protein and the sgRNA was 

extracted. The binding energy calculation will provide insight into the strength of the 

interaction between the protein and the sgRNA hybrids. By analysing this conclusive 

data, we can identify which sgRNA hybrids exhibit the most effective interaction with 

the hybrid protein. 

The binding energy of SaSp Cas9 + Frodo showed more extreme values than the 

SaWT, especially for the residues present in the RuvCII and RuvCIII domains (Figure 

3.3.2J). This is indicating that these residues have different interaction strength in the 

hybrid construct compared to the hybrid. Eventually, every residue interacting with the 

sgRNA for the SaWT were also interacting for the hybrid. 
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Figure 3.3.2: SaSp stability with Frodo. (A-C) Average RMSD for the protein (A), RNA (B) and 
DNA (C) for SaSp Frodo (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen bonds 
made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for SaSp Frodo (black), 
SaWT, SpWT and CjWT. (G) RMSF for Sa Cas9 with its sgRNA (black) and SaSp in 
combination with Frodo (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of Sp Cas9 with its sgRNA (yellow) and SaSp in combination with Frodo (red). (I) RMSF 
of Sp Cas9 sgRNA (yellow), Sa Cas9 (black) and SaSp Cas9 Frodo sgRNA (red). (J) Binding 
energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its sgRNA 
(black) versus SaSp with Frodo (red).  
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3.3.2 Biophysical properties of SaSp Cas9 in combination with Sam 

 

The Sam sgRNA tested in this section in combination with SaSp is composed of Sa 

sgRNA and Sp sgRNA sequences (Figure 3.3.3). It consists of the crRNA of the Sp 

sgRNA and the stem loop 1 of the Sa sgRNA. 

 

 

Figure 3.3.3: Cartoon description of the Sam sgRNA composition. 

 

The protein RMSD average of SaSp + Sam was significantly different than the 3 WTs 

and reached 8.2 ¡ (Figure 3.3.3.4A, P-value <0.0001). The RNA RMSD average of 

SaSp + Sam diverged significantly from the 3 WTs and reached 6.2 ¡ (Figure 3.3.3.4B, 

P-value <0.0001). Finally, the DNA RMSD average of SaSp + Sam was significantly 

different to the WTs and reached 3.9 ¡ (Figure 3.3.3.4C, P-value <0.0001). All these 

data suggest that the hybridôs components are diverging from their initial position more 

than in the WTs system meaning the hybrid could be less stable. 

The number of hydrogen bonds made between protein and RNA was lower for the 

hybrid system compared to the WTs with a total of 85 bonds (Figure 3.3.3.4D). For 

protein-DNA the hybrid system made more bonds than the WTs with 43 bonds (Figure 

3.3.3.4E). Lastly, as for Frodo, Sam made 56 hydrogen bonds between the RNA and 

the DNA, which is the same as the WTs (Figure 3.3.3.4F). In conclusion, the hybrid 

system showed a similar amount of hydrogen bonds compared to the WTs. 

The RMSF of both proteins had similar pattern with the HNH domain being the most 

fluctuating domain for the two proteins (Figure 3.3.3.4G).  Few residues from the REC 

lobe went over 5.0 ¡ for the hybrid. This is suggesting these residues would have 

fewer interactions with the surrounding atoms compared to the WT system. Few 

residues in the RuvCIII were shown as reaching 8.0 ¡ in both the WT and the hybrid 

systems. As present in both systems, this indicates this fluctuation is not due to the 

change of the PID. The PID RMSD for residues 911-1000 showed a different pattern 
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of peaks fluctuating for both systems. A high fluctuating residue was noticeable around 

residue 1000 for the hybrid system only. This is indicating that this particular residue 

in the hybrid version might exhibit reduced interaction with the neighbouring atoms 

making it more flexible. The fluctuation for the following residues were similar between 

hybrid and WT system. Finally, the sgRNA fluctuation of the hybrid was comparable to 

its relative WTs with a fluctuating residue in the Sp sequence and a fluctuation peak in 

the 3ô sequence of the Sa sequence also presents for the SaWT. This is suggesting 

that the sgRNA residues of the hybrid are behaving the same way as in a WT system. 

Overall, the hybrid system showed closely similar fluctuation for its protein and its 

sgRNA to the WTs. However, the PIDôs fluctuation displayed some differences with the 

Spôs fluctuation. 

The binding energy of the hybrid system showed that same pattern of binding but lower 

values than the SaWT (Figure 3.3.3.4J). Interestingly, the bridge helix domain is the 

domain that showed the most variation of binding energy between the hybrid and the 

SaWT. Overall, the WT sgRNA binding energy shared the same interacting residues 

as Sam. 
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Figure 3.3.3.4: SaSp stability with Sam. (A-C) Average RMSD for the protein (A), RNA (B) and 
DNA (C) for SaSp Sam (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen bonds 
made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for SaSp Sam (black), 
SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with Sam (red) for the N-terminal common to both proteins. (H) RMSF of the PID 
of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with Sam (red). (I) RMSF 
of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 Sam sgRNA (red). (J) Binding 
energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its sgRNA 
(black) versus SaSp with Sam (red). 
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3.3.3 Biophysical properties of SaSp Cas9 in combination with MSam 

 

The MSam sgRNA tested in this section in combination with SaSp is a fusion of Sa 

sgRNA and Sp sgRNA sequences (Figure 3.3.5). Itôs composed of the crRNA of the 

Sp sgRNA and the stem loop 1 and 2 of the Sa sgRNA. The crystal structure used for 

the Sa Cas9/sgRNA was lacking the stem loop 2. Indeed, it has been removed to 

improve the quality of the crystals (Nishimasu et al. 2015). However, as the stem loop 

2 residues are known, I added a stem loop 2 to the sgRNA. This aimed to resolve 

more precisely how the Cas9 would interact and behave with another stem loop. 

 

 

 

Figure 3.3.5: Cartoon description of the MSam sgRNA composition. 

 

The protein RMSD average of SaSp + MSam diverged significantly from the 3 WTs 

reaching 7.0 ¡ (Figure 3.3.3.6A, P-value <0.0001). The RNA RMSD average of the 

hybrid system was also significantly different than the 3 WTs and reached 6.8 ¡ (Figure 

3.3.3.6B, P-value <0.0001). Finally, the DNA RMSD average significantly diverged 

from the 3 WTs and reached 3.7 ¡ (Figure 3.3.3.6C, P-value <0.0001). In conclusion, 

SaSp + MSam had higher deviation values for every component of its system than the 

WTs indicating every component of this system is deviating from its initial position more 

than the WTs. 

The number of hydrogen bonds between protein-RNA for the system SaSp + MSam 

was higher than the WTs and reached 122 bonds (Figure 3.3.3.6D). The hybrid system 

showed a similar amount of bonds made between protein and DNA than the SaWT 

and CjWT with a total of 39 bonds (Figure 3.3.3.6E). Lastly, the number of hydrogen 

bonds made between RNA and DNA hybrid was the same as the WTs systems with 

53 bonds (Figure 3.3.3.6F). The hybrid system in combination with MSam developed 

a number of hydrogen bonds closely similar to the different WTs system. 
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The SaSpCas9 + MSam protein showed the same pattern of fluctuation as the SaWT 

(Figure 3.3.3.6G). The HNH was again the most fluctuating domain, as for the WT. In 

the RuvCIII domain, we can notice highly fluctuating residues in both systems. This is 

suggesting that these residues in the hybrid system have kept the same interaction as 

the WT system and this is not due to the change of PID. The PID fluctuation of the 

SaSpCas9 was much more similar to the Sp Cas9 with the same peaks for the N-

terminal part of the PID (Figure 3.3.3.6H). A peak present only for the hybrid is also 

noticeable around residue 1000 and reaching 10 ¡.This suggests that in this specific 

region of the domain, certain residues exhibit greater flexibility and likely have reduced 

interactions in the hybrid system compared to the WT. The sgRNA fluctuation was 

more difficult to compare as the SaWT sgRNA is lacking the stem loop 2 (Figure 

3.3.3.6I). However, a peak at 9.0 ¡ was noticeable for both the hybrid and the SpWT 

around residue 40. The stem loop 1 displayed a small peak for both system . Finally, 

the stem loop 2 of MSam presented an increase of flexibility for its last residue which 

is also the case for the Sp sgRNA. This is suggesting that the last residue of the sgRNA 

has more flexibility and less interactions with the other atoms from the simulation. 

The binding energy of the hybrid system closely resembled that of the WT system, 

particularly for the bridge helix and the WED domains (Figure 3.3.3.6J). However, the 

RuvCII and RuvCIII displayed more pronounced values in the hybrid system. In 

summary, while the hybrid and WT systems demonstrated similar binding energy in 

certain domains. This is suggesting that this sgRNA is strongly interacting with the 

SaSp protein at a comparable level with the SaWT. 
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Figure 3.3.3.6: SaSp stability with Msam.(A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for SaSp MSam (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen 
bonds made between protein-RNA (D), protein-DNA I and RNA-DNA (F) for SaSp MSam 
(black), SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with MSam (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with MSam (red). (I) 
RMSF of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 MSam sgRNA (red). (J) 
Binding energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its 
sgRNA (black) versus SaSp with MSam (red). 
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3.3.4 Biophysical properties of SaSp Cas9 in combination with LSam 

 

The LSam sgRNA tested in this section in combination with SaSp is composed of Sa 

sgRNA and Sp sgRNA sequences (Figure 3.3.7). Itôs composed of the crRNA of the 

Sp sgRNA, the stem loop 1 and 2 of Sa sgRNA and the stem loop 3 of the Sp sgRNA. 

The rationale here, is to see if a stem loop 3, which is lacking in the Sa sgRNA, in the 

hybrid system could increase the stability and the interaction with the Cas9. 

 

 

Figure 3.3.7: Cartoon description of the LSam sgRNA composition. 

 

The protein RMSD average for SaSp + LSam significantly diverged from the WTs and 

reached 9.3 ¡ (Figure 3.3.3.8A, P-value <0.0001). The RNA RMSD average was 

significantly different than the WTs and reached 12 ¡ (Figure 3.3.3.8B, P-value 

<0.0001). The DNA RMSD average differed significantly to the WTs but remained 

close the WTs with a deviation of 3.6 ¡ (Figure 3.3.3.8C, P-value <0.0001). The hybrid 

system exhibited higher RMSD than the WTs for every component of its system. 

The number of hydrogen bonds between protein and RNA was closely resembled 

between the hybrid system, SaWT and SpWT with a total of 110 bonds (Figure 

3.3.3.8D). LSam displayed more bonding than CjWT. The total of hydrogen bonds 

made between protein and DNA was 40 bonds and closely similar to the SaWT and 

CjWT (Figure 3.3.3.8E). Finally, the number of hydrogen bonds made between RNA 

and DNA was similar between the hybrid and the WTs system with 55 bonds for the 

LSam (Figure 3.3.3.8F). This is suggesting that the hybrid system develops the same 

amount of hydrogen bonds in the system than the WTs used in this study. 

The SaSpCas9 + LSam protein displayed the pattern of fluctuation as the SaWT, 

except for the HNH domain (Figure 3.3.3.8G). Indeed, the HNH fluctuated much more 

for the hybrid going over 5.0 ¡ and presented different peaks compared to the WT. 

This is suggesting that the HNH domain of SaSp when in combination with LSam, has 
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different interaction and flexibility than the SaWT. The highly fluctuating residues in the 

RuvCIII of SaWT did not show the same level of fluctuation for the hybrid Cas9 being 

much lower. This is insinuating that these residues in this hybrid system possess 

different interactions than in the WT system. The PID fluctuation was much closer to 

the SpWT PID fluctuation with the same pattern of peaks (Figure 3.3.3.8H). The 

residues around position 1000 were still showing more fluctuation than the WT and a 

maximum of 8.0 ¡. This could mean that in this system, the PID finds a much better 

stability and his atoms are less flexible and have more interactions. 

Finally, the sgRNA fluctuation exhibited the same peaks as the SpWT between 

residues 20 and 50 (Figure 3.3.3.8I). Interestingly, the stem loop 2 of this hybrid 

displayed less flexibility compared to MSam. However, we can still notice a higher 

fluctuation for the last residues of the guide. Notably, a peak in the stem loop 3 going 

over 15 ¡ which was higher than in any other hybrid analysed for now. This increase 

is at the junction between the Sa stem loop 2 and the Sp stem loop 3. When the 

junction between the stem loop 2 and 3 was made, some atoms might have lost their 

initial interactions increasing their flexibility. In conclusion, the SaSp in combination 

with LSam is showing some differences of flexibility in the HNH domain compared to 

the SaWT, an RMSF closer to the Sp for its PID and a highly fluctuation stem loop 3 

for its sgRNA. 

Even if LSam displayed interaction with the SaSp protein, the binding energy of LSam 

presented more extreme values than the SaWT (Figure 3.3.3.8J). As for MSam, the 

residue R-870 showed a similar level of interaction compared to the WT and the 

RuvCII and RuvCIII displayed the biggest variation of binding energy. These results 

suggest that the addition of the stem loop 3 doesnôt improve the interaction between 

the Cas9 and the sgRNA hybrids. 
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Figure 3.3.3.8: SaSp stability with LSam (A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for SaSp LSam (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen 
bonds made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for SaSp LSam 
(black), SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with LSam (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with LSam (red). (I) 
RMSF of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 LSam sgRNA (red). (J) 
Binding energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its 
sgRNA (black) versus SaSp with LSam (red). 
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3.3.5 Biophysical properties of SaSp Cas9 in combination with Gollum 

 

The LSam sgRNA tested in this section in combination with SaSp is a fusion of Sa 

sgRNA and Sp sgRNA sequences (Figure 3.3.9). Itôs composed of the crRNA from the 

Sp sgRNA, the stem loop 1 of Sa sgRNA and the stem loop 2 of the Sp sgRNA. Mixing 

the stem loop of the guide could change the interaction level with the hybrid protein. 

 

 

 

Figure 3.3.9: Cartoon description of the Gollum sgRNA composition. 

 

The protein RMSD average of SaSp + Gollum was significantly different than the 3 

WTs and reached 8.1 ¡ (Figure 3.3.3.10A, P-value <0.0001). Its RNA RMSD average 

differed significantly than the 3 WTs and its deviation was of 7.1 ¡ (Figure 3.3.3.10B, 

P-value <0.0001). The DNA RMSD average significantly diverged from that of the 3 

WTs and reached 4.0 ¡ (Figure 3.3.3.10C, P-value <0.0001). Gollum RMSD was 

overall higher for every element of the system suggesting this system, as for the 

others, deviate more than the WTs. 

The hybrid system developed 110 hydrogen bonds between protein and RNA which 

was higher than the WTs (Figure 3.3.3.10D). Gollum developed more hydrogen bonds 

than the WTs between protein and DNA as well with 40 bonds (Figure 3.3.3.10E). 

Lastly, the total of hydrogen bonds made between RNA and DNA was closely similar 

between the hybrid and the WTs with 56 bonds for Gollum (Figure 3.3.3.10F). The 

number of hydrogen bonds was closely similar to the WTs, indicating that the hybrid 

maintains interaction between the different components of the system. 

The SaSpCas9 + Gollum protein showed the same pattern of fluctuation with 

nonetheless a higher fluctuating HNH going over 5.0 ¡ (Figure 3.3.3.10G). Notably, 

the hybrid exhibited significantly greater fluctuation, yet the pattern of peaks remained 

consistent between the hybrid and the WT. This suggests that while the domain 
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fluctuates more in this hybrid conformation, the flexible residues are preserved and 

consistent between the hybrid and the WT. The residues in the RuvCIII domain 

displayed the same fluctuation as the SaWT reaching 8.0 ¡. The WED domain also 

showed more fluctuation than the SaWT and reached 4.0 ¡ suggesting the last 

residues of the Sa sequence are more prone to fluctuation in this system. 

The PID fluctuation exhibited the same pattern of peaks between residue 911 to 1000 

(Figure 3.3.3.10H). However, the peaks were much higher in the hybrid system 

suggestion that the residues fluctuation are still the same compared to the WT but 

have much less bounding and are more flexible. At residue 1000, a peak present only 

for the hybrid is reaching a maximum of 15 ¡, the rest of the residue were much closer 

to the SpWT fluctuation. The atoms at this location could have loose interaction with 

the surrounding atoms increasing their flexibility. The sgRNA fluctuation showed the 

same pattern with a peak between residue 20 and 50 and the same peak as the Sa 

sgRNA for residue 50 to 72 (Figure 3.3.3.10I). Again, an increase of fluctuation was 

noticeable for the last residues of the guide. However, the sgRNA fluctuation didnôt go 

over the WTs RMSF. This is suggesting that this sgRNA has the same level of 

interaction as a WT guide. In conclusion, this hybrid system showed close RMSF result 

to the WTs for the sgRNA and the protein showed small differences notably in the HNH 

and WED domains with more fluctuating residues. 

The binding energy of this hybrid was closely similar to the SaWT (Figure 3.3.3.10J). 

Indeed, every residue seems to present the same values of binding energy with the 

major differences being in the RuvCII and RuvCIII domains. The residue R-870 also 

presented more extreme value for the SaWT than for SaSp + Gollum. Overall, this is 

suggesting that this hybrid share similar binding with the sgRNA than the SaWT does. 
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Figure 3.3.3.10: SaSp stability with Gollum (A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for SaSp Gollum (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen 
bonds made between protein-RNA (D), protein-DNA I and RNA-DNA (F) for SaSp Gollum 
(black), SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with Gollum (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with Gollum (red). (I) 
RMSF of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 Gollum sgRNA (red). (J) 
Binding energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its 
sgRNA (black) versus SaSp with Gollum (red). 
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3.3.6 Biophysical properties of SaSp Cas9 in combination with Merry 

 

The Merry sgRNA tested in this section in combination with SaSp is made of the Sa 

sgRNA and the Sp sgRNA sequences (Figure 3.3.11). Itôs composed of the crRNA of 

the Sa sgRNA, the stem loop 1 of Sa sgRNA and the stem loop 2 of the Sp sgRNA. 

This sgRNA is closely related to Gollum with the exception of the crRNA which has 

been changed. 

 

 

 

Figure 3.3.11: Cartoon description of the Merry sgRNA composition. 

 

The protein RMSD average for SaSp + Merry was significantly different than the WTs 

reaching 7.9 ¡ (Figure 3.3.3.12A, P-value <0.0001). The RNA RMSD average 

significantly differed from the WTs and reached 4.0 ¡ (Figure 3.3.3.12B, P-value 

<0.0001). The DNA RMSD average of the hybrid system diverged significantly from 

the WTs and reached 4.1 ¡ (Figure 3.3.3.12C, P-value <0.0001). The hybrid system 

showed higher RMSD than the WTs for every component suggesting this hybrid 

construct is deviating more than the WTs. 

The hybrid system showed a higher number of hydrogen bonds made between protein 

and RNA than the WTs reaching 115 bonds (Figure 3.3.3.12D). The number of 

hydrogen bonds between protein and DNA was similar between Merry, SaWT and 

CjWT with 32 for the hybrid (Figure 3.3.3.12E). Finally, the amount of hydrogen bonds 

between RNA and DNA was closely similar between the hybrid system and the WTs 

with Merry showing 57 bonds (Figure 3.3.3.12F). In summary, the number of hydrogen 

bonds of SaSp with Merry was closely related to the WTs. 

The pattern of fluctuation for the hybrid protein closely matched the SaWT pattern. 

However, some domains presented more fluctuating residues. Most of the residues 

from the bridge helix and the REC lobe shared the same fluctuating residues than the 
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SaWT but their fluctuation was more important. This could suggest that they have 

different interactions than in the WT system (Figure 3.3.3.12G). Highly fluctuating 

residues for the SaWT were noticeable in the RuvCIII reaching 8.0 ¡. The same 

residues for Merry reached 5.0 ¡, indicating these residues have different interactions 

in the hybrid system and less flexibility. The PID fluctuation of the hybrid was close to 

the SpWT but showed multiple peaks at 13 ¡ around residue 1000 suggesting these 

residues are sharing different interactions than in the WT system (Figure 3.3.3.12H). 

The sgRNA RMSF exhibited the same peak as SaWT sgRNA around residue 40 with 

the same fluctuation value around 4.0 ¡ (Figure 3.3.3.12I). The rest of the sgRNA is 

presenting some fluctuating residue which are not visible in its relative WT suggesting 

this sgRNA has a different way of interaction than Sa and Sp sgRNA. In summary, this 

SaSp + Merry system displayed some differences of fluctuation compared to the 

SaWT and SpWT at different level domains. However, the fluctuation seemed to stay 

at the same level as the WTs except for a few residues in the PID. 

SaSpCas9 + Merry displayed binding energy values close to the SaWT for most of the 

residues (Figure 3.3.3.12J). The RuvCII and RuvCIII domains exhibited the biggest 

differences of value between the hybrid and the WT. This is suggesting that these 

domains have different interactions strength with Merry. 
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Figure 3.3.3.12: SaSp stability with Merry.(A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for SaSp Merry (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen 
bonds made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for SaSp Merry 
(black), SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with Merry (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with Merry (red). (I) 
RMSF of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 Merry sgRNA (red). (J) 
Binding energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its 
sgRNA (black) versus SaSp with Merry (red). 
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3.3.7 Biophysical properties of SaSp Cas9 in combination with Pippin 

 

The Pippin sgRNA tested in this section in combination with SaSp is composed of Sa 

sgRNA and Sp sgRNA sequences (Figure 3.3.13). Itôs composed of the crRNA of the 

Sa sgRNA, the stem loop 1 of Sa sgRNA and the stem loop 2 and 3 of the Sp sgRNA. 

This sgRNA is closely related to Merry, a stem loop 3 has been added to determine if 

this could change the interaction strength and stability of the system. 

 

 

 

Figure 3.3.13: Cartoon description of the Pippin sgRNA composition. 

 

The protein RMSD average was significantly different than the 3 WTs and reached 6.0 

¡ (Figure 3.3.3.14A, P-value <0.0001). The RNA RMSD average significantly diverged 

that of the 3 WTs and reached 13.7 ¡ (Figure 3.3.3.14B, P-value <0.0001). The DNA 

RMSD average was significantly different than the 3 WTs and reached 3.7 ¡ (Figure 

3.3.3.14C, P-value <0.0001). Every RMSD values of this system were higher than the 

WTs. 

The SaSp + Pippin system made more hydrogen bonds between the protein and the 

RNA than the WTs reaching 115 (Figure 3.3.3.14D). This system produced a similar 

amount of hydrogen bond between protein and DNA than SaWT and CjWT with 36 

bonds (Figure 3.3.3.14E). Finally, the amount of hydrogen bonds made between RNA 

and DNA was closely similar between the hybrid and the WTs and reached 56 bonds 

(Figure 3.3.3.14F). In conclusion, the number of hydrogen bonds between the different 

components of the system were similar to the WTs. 

The protein fluctuation showed similar pattern as the SaWT (Figure 3.3.3.14G). 

However, the HNH domain and the WED domain seemed to reached higher fluctuation 

values than the SaWT indicating more flexible residues. Interestingly, the bridge helix 

didnôt fluctuate as in the Merry system, suggesting that the addition of the stem loop 3 
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reduced the flexibility of this domain. The fluctuation of the PID from the residue 911 

to 1000, even if showing the same pattern as the WT, displayed a much higher RMSF 

value suggesting these residues are sharing less interactions in the hybrid system 

(Figure 3.3.3.14H). We can also notice highly fluctuating residues at position 1000 

indicating the residues at this position might have lost their interaction with the 

surrounding atoms or residues. The sgRNA fluctuation showed a similar peak of 

fluctuation to the SaWT around residue 30 (Figure 3.3.3.14I). The rest of the sgRNA 

displayed a different fluctuation than its relative WT. Indeed, the various peaks of 

fluctuation present for the hybrid sgRNA are not shared with its relative WT. We can 

also notice a huge peak of fluctuation for the last residues, suggesting the stem loop 

3 is losing interactions. Overall, this hybrid system displayed higher RMSF for every 

component and the sgRNA seemed to fluctuate on its own instead of following the 

same fluctuation as its relative WT. 

Finally, the binding energy of Pippin displayed the same pattern as the SaWT but with 

more extreme values for the hybrid (Figure 3.3.3.14J). The RuvCII and RuvCIII domain 

showed the largest distant values between the WT and the hybrid system suggesting 

these 2 domains share different levels of interaction with the sgRNA hybrid. Finally, 

the residue R-870 showed a similar binding energy value to the SaWT. In conclusion, 

every residue supposedly interacting with the sgRNA were interacting with the guide 

in this system as well but shared different level of interaction compared to the SaWT. 
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Figure 3.3.3.14: SaSp stability with Pippin. (A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for SaSp Pippin (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen 
bonds made between protein-RNA (D), protein-DNA I and RNA-DNA (F) for SaSp Pippin 
(black), SaWT, SpWT and CjWT. (G) RMSF of SaCas9 with its sgRNA (black) and SaSp in 
combination with Pippin (red) for the N-terminal common to both proteins. (H) RMSF of the 
PID of SpCas9 with its sgRNA (yellow) and SaSp Cas9 in combination with Pippin (red). (I) 
RMSF of SpCas9 sgRNA (yellow), SaCas9 (black) and SaSpCas9 Pippin sgRNA (red). (J) 
Binding energy for each amino acid known to interact with the sgRNA for Sa Cas9 with its 
sgRNA (black) versus SaSp with Pippin (red). 
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3.3.8 Biophysical properties of CjSp Cas9 in combination with Rosy 

 

The CjSp Cas9 was created by the fusion of Cj Cas9 with the PID of Sp Cas9. The 

sgRNA of Cj Cas9 is composed of a triple helix which settle interactions between all 

the stem loop together. This lower the amount of sgRNA hybrid designable as 

removing one stem loop would result in the destruction of the triplex helix and lose of 

interactions. Therefore, I developed 2 sgRNA which could fit with the CjSp Cas9. 

The Rosy sgRNA tested in this section in combination with CjSp is composed of Cj 

sgRNA and Sp sgRNA sequences (Figure 3.3.15). Itôs composed of the crRNA of the 

Sp sgRNA, the scaffold of the Cj sgRNA. 

 

 

 

Figure 3.3.15: Cartoon description of the Rosy sgRNA composition. 

 

The protein average RMSD of CjSp + Rosy was significantly different than the 3 WTs 

with the hybrid reaching 7.3 ¡ (Figure 3.3.3.16A, P-value <0.0001). The RNA average 

RMSD of CjSp + Rosy diverged significantly from the 3 WTs with the hybrid reaching 

3.3 ¡ (Figure 3.3.3.16B, P-value <0.0001). Finally, the DNA average RMSD of Rosy 

system was significantly different than the 3 WTs with the hybrid reaching 5.2 ¡ (Figure 

3.3.3.16C, P-value <0.0001).  All the RMSD values of this hybrid were above the 3 

different WTs. Overall, the RMSD of every component of the system was higher for 

the hybrid than the WTs, especially for the protein and the DNA. 

The CjSp + Rosy had more hydrogen bonds made between the protein and the RNA 

than the WTs reaching a total of 123 bonds (Figure 3.3.3.16D). This hybrid developed 

a number of hydrogen bonds between protein and DNA comparable to the SaWT and 

CjWT with 35 bonds (Figure 3.3.3.16E). Lastly, the amount of bonds between RNA 

and DNA was considerably lower than the WTs with 15 bonds (Figure 3.3.3.16F). This 

last residue could explain why the RMSD for the DNA is higher. In conclusion, the 
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number of hydrogen bonds for this hybrid closely matched the WTs except for the 

RNA-DNA suggesting that the sgRNA hybrid could adopt a conformation which doesnôt 

facilitate the production of hydrogen bonds with the DNA. 

The RMSF of CjSpCas9+ Rosy protein showed a peak reaching a maximum 

fluctuation of 14 ¡ in the REC domain (Figure 3.3.3.16G). The same residue for the Cj 

Cas9 was showing a maximum of 7.0 ¡. This residue had lost interaction and 

fluctuated away from the rest of the protein during the simulation. This could potentially 

reduce the interaction of the REC lobe with the sgRNA or the DNA. The rest of the 

protein displayed an RMSF pattern slightly matching the CjWT, however, the WED 

domain displayed a much higher RMSF. This indicates that this domain conformation 

might have lost interaction with surrounding atoms. This could mean less interaction 

with the PID which is the domain link to the WED. The hybrid system and the WT 

exhibited completely different fluctuations within the PID (Figure 3.3.3.16H). This could 

indicate the PID interaction is different in this hybrid than in the SpWT. The sgRNA 

fluctuation of Rosy presented the same peak as the Sp sgRNA around residue 40, 

however, the Cj sequence showed a starkly different RMSF compared to the Cj sgRNA 

from residue 50 (Figure 3.3.3.16I). We can also notice an increase of fluctuation for 

the last residues. This indicates the stem loop 3 is more flexible. 

The SaSpCas9 + Rosy displayed a comparable pattern of interactions than the CjWT 

for most of the residues (Figure 3.3.3.16J). However, the amino acid L-733 in the WED 

domain didnôt seem to show the same level of binding energy between the hybrid and 

the WT with more extreme value for the hybrid. Moreover, the residue R-63 showed a 

massive difference of interaction with the hybrid showing a binding energy near 0 

kJ/mol. This result indicates a loss of interaction between this specific residue in the 

bridge helix and the sgRNA. This could be crucial for the functionality of the sgRNA as 

the bridge helix arginine cluster and interaction with the sgRNA is highly conserved 

and crucial in type II-A and C. 
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Figure 3.3.3.16: CjSp stability with Rosy. (A-C) Average RMSD for the protein (A), RNA (B) 
and DNA (C) for CjSp Rosy (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen bonds 
made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for CjSp Rosy (black), 
SaWT, SpWT and CjWT. (G) RMSF of CjCas9 with its sgRNA (blue) and CjSp in combination 
with Rosy (green) for the N-terminal common to both proteins. (H) RMSF of the PID of SpCas9 
with its sgRNA (yellow) and CjSp Cas9 in combination with Rosy (green). (I) RMSF of SpCas9 
sgRNA (yellow), CjCas9 (blue) and CjSpCas9 Rosy sgRNA (green). (J) Binding energy for 
each amino acid known to interact with the sgRNA for Cj Cas9 with its sgRNA (blue) versus 
CjSp with Rosy (green). 
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3.3.9 Biophysical properties of CjSp Cas9 in combination with Bilbo 

 

The Bilbo sgRNA tested in this section in combination with CjSp is composed of Cj 

sgRNA and Sp sgRNA sequences (Figure 3.3.17). Itôs composed of the crRNA of the 

Cj sgRNA, the scaffold of the Sp sgRNA. This is the only other version of CjSp sgRNA 

tested. 

 

Figure 3.3.17: Cartoon description of the Bilbo sgRNA composition. 

 

The protein RMSD average of SaSp + Bilbo diverged significantly from the 3 WTs and 

reached 8.4 ¡ (Figure 3.3.18A). The RNA RMSD average was significantly different 

than the 3 WTs and reached 8.4 ¡ (Figure 3.3.18B). The DNA RMSD average 

significantly diverged compared to the 3 WTs and reached 6.2 ¡ (Figure 3.3.18C). 

Notably, all RMSD values of the hybrid system were higher than those of the WT 

systems. 

The hybrid system showed a comparable amount of hydrogen bonds made between 

protein and RNA than the WTs with 108 bonds made (Figure 3.3.18D). Although, Bilbo 

developed more protein-DNA bonding than the 3 WTs with a total of 77 bonds (Figure 

3.3.18E). On the other hand, it developed less RNA-DNA bonding than the WTs with 

24 bonds (Figure 3.3.18F). In summary, this system displayed less hydrogen bonds 

only for the RNA-DNA. This could suggest smaller interactions between these 2 

components. 

The CjSp Cas9 + Bilbo protein displayed a RMSF pattern closer to the CjWT than 

CjSp Rosy. However, the fluctuation was still much higher for the hybrid suggesting 

this protein is less stable and more flexible (Figure 3.3.18G). The PID fluctuation 

presented an analogous fluctuation for most part of the domain (Figure 3.3.18H). 

Interestingly, the SpWT Cas9 showed a highly interacting peak in the first residues of 

the PID. This was not the case for the hybrid showing a difference of fluctuation for 

these residues. The last residues of the hybrid protein displayed higher fluctuation 
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residues suggesting these residues in the hybrid system have more flexibility. The 

sgRNA fluctuation of Bilbo showed different patterns than its associated WTs (Figure 

3.3.18I). A peak is noticeable at residue 40 which is also present for the CjWT although 

less fluctuating. The Sp sequence of the hybrid sgRNA displayed various fluctuating 

peaks of residues not comparable with the WT. Overall, the CjSp in combination with 

Bilbo has a different pattern and fluctuation level than its relative WTs. 

The SaSpCas9 + Bilbo displayed a similar pattern of binding energy to the CjWT Cas9 

(Figure 3.3.18J). Most of the residues displayed comparable binding energy values 

with the WT. The residue R-63 which did not show any interaction for CjSp + Rosy 

presented a similar binding energy level for this hybrid suggesting that changing the 

sgRNA structure restored the binding for this residue. Overall, this hybrid system 

displayed interaction between the protein and the sgRNA at a similar level as a WT. 
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Figure 3.3.18: CjSp stability with Bilbo. (A-C) Average RMSD for the protein (A), RNA (B) and 
DNA (C) for CjSp Bilbo (black), SaWT, SpWT and CjWT. (D-F) Number of hydrogen bonds 
made between protein-RNA (D), protein-DNA (E) and RNA-DNA (F) for CjSp Bilbo (black), 
SaWT, SpWT and CjWT. (G) RMSF of CjCas9 with its sgRNA (blue) and CjSp in combination 
with Bilbo (green) for the N-terminal common to both proteins. (H) RMSF of the PID of SpCas9 
with its sgRNA (yellow) and CjSp Cas9 in combination with Bilbo (green). (I) RMSF of SpCas9 
sgRNA (yellow), CjCas9 (blue) and CjSpCas9 Bilbo sgRNA (green). (J) Binding energy for 
each amino acid known to interact with the sgRNA for Cj Cas9 with its sgRNA (blue) versus 
CjSp with Bilbo (green). 
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3.4 Discussion  

 

A total of 2 Cas9 hybrids and 9 sgRNA hybrids were made. The SaSp Cas9 was put 

in interaction with 7 different sgRNA hybrids while the CjSp Cas9 was put in interaction 

with 2 sgRNA hybrids. 

To estimate the potential efficiency of the hybrids made, molecular dynamic simulation 

were performed, stability and interaction were analysed through RMSD, RMSF, 

hydrogen bond and binding energy calculation. RMSD, RMSF and hydrogen bonds 

are strong data which can give an estimation of the relative stability of a complex while 

binding energy will give more insights of the internal interactions.   

The RMSD for the protein showed various results but the WT values were all smaller 

than the hybrids meaning they were able to find a stable conformation with less 

deviation than the hybrids (Figure 3.4.1). This was expected as replacing the hybridsôs 

PID by a different and larger PID would change the protein conformation and 

interaction. Interestingly, the SaSp and CjSp constructs showed different RMSD 

values as well showing the impact of the sgRNA on the conformation and the stability 

of the Cas9 protein. Of all the SaSp hybrids, Pippin displayed the lowest RMSD while 

it was Rosy for the CjSp constructs. 
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Figure 3.4.1: Average RMSD for the proteins in ¡ with error bars representing the standard 
deviation from the mean. The black-filled bars represent the RMSD for the hybrids while the 
white bars represent the RMSD for the WTs. 

The RNA RMSD revealed different RMSD values between the sgRNAs as well (Figure 

3.4.2). The longest sgRNAs, Frodo, LSam and Pippin showed the highest RMSD 

values. It could be due to the presence of a 3rd stem loop which could have fewer 

interactions with the protein and therefore deviate more from its initial position. Merry 

showed the lowest RMSD value (4.0 ¡) of the SaSp sgRNAs. This guide could be 

more stable than the other and having more interaction with its surrounding protein 

reducing its movement. For the CjSp, Rosy showed a smaller RMSD as Bilbo. This 

could be explained by the presence of the triple helix in Rosyôs sgRNA, which could 

interact with the CjSp protein while Bilbo stem loop residues lost their interaction with 

the protein and therefore are deviating from their initial position. 
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Figure 3.4.2: Average RMSD for the RNA in ¡ with error bars representing the standard 
deviation from the mean. The black-filled bars represent the RMSD for the hybrids while the 
white bars represent the RMSD for the WTs. 

 

The DNA RMSD for the SaSp hybrids were higher than the WTs but did not show much 

variability between the hybrids and the protein and RNA (Figure 3.4.3). This was 

expected as they are all sharing the same sequence. The DNA RMSD for the CjSp 

hybrids did show higher values than the WTs. This could be due to a loss of interaction 

of the DNA with the protein and/or RNA which would lead the DNA to deviate from its 

initial position. 
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Figure 3.4.3: Average RMSD for the DNA in ¡ with error bars representing the standard 
deviation from the mean. The black-filled bars represent the RMSD for the hybrids while the 
white bars represent the RMSD for the WTs. 

 

The RMSF analysis can also give a good insight of the stability as it gives the 

fluctuation of every residue from the protein and the sgRNA sequence. It is known that 

the HNH domain is the most fluctuating domain of the Cas9 protein(Yamada et al. 

2017). For every SaSp complexes and for the SaWT, the HNH showed a much higher 

fluctuation than any other domain confirming that our hybrid Cas9 keeps the same 

fluctuation characteristics as the different WTs. A fluctuating residue at position 750 

showed a high RMSF value for the SaWT and for numerous hybrids. This fluctuation 

was probably due to a residue previously interacting with the original PID which lost 

its interactions and stability when the PID was replaced. Two hybrids, LSam and Merry, 

showed a much smaller fluctuation for this residue. This residue might have 

established interactions with the new PID for these complexes which enabled a higher 

stability. Moreover, SaSp Cas9 coupled to Gollum showed a highly fluctuating WED 

domain. This may be caused by the replacement of the previous PID. The C-terminal 

residues of this domain might have lost some interactions with the PID and the sgRNA, 

leading to a WED domain that fluctuated more. However, most of the SaSp protein 

showed the same pattern of fluctuation as the SaWT. This is suggesting that the 

residues of these hybrids keep the same biophysical characteristics as the SaWT. The 

CjSp protein fluctuation showed a very different profile of fluctuation compared to the 

CjWT. Rosy had a high fluctuating residue in the REC domain reaching almost 15 ¡ 
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while the WT reached only 7.0 ¡. Some differences in fluctuation were noticeable in 

the WED domain as well. These fluctuations could be induced by the replacement of 

the initial PID, reducing the interaction of the WED with the new PID. The CjSp in 

association with Bilbo displayed a much closer peaks pattern to the WT, however, most 

of the domain were more fluctuating especially the C-terminal  of the protein with the 

RuvCIII and the WED domains. All these data suggest that this protein hybrid in 

association with Rosy or Bilbo is having different level of interaction than the CjWT, 

therefore inducing a change in the fluctuation of its residues. Moreover, the CjWT and 

CjSp are lacking the HNH domain in my models. Indeed, the CjWT protein has been 

crystalized without its HNH as the hypothesis was that the HNH would hamper the 

crystallization (Yamada et al. 2017). Thus, the fluctuation values and overall stability 

for both the CjWT and the CjSp could be different from what observed. 

The PID RMSF exhibited fluctuating residues around position 1000 for most of the 

SaSp hybrids. This may be explained by the energy minimization step that moved the 

initial position of these residues away from other atoms, giving it more space to move. 

Most of the SaSp hybrids displayed the same fluctuation pattern than the Sp WT. 

Nonetheless, they all showed higher fluctuation values than the WT which was 

expected as the PID is linked to a new protein and could be fluctuating more. The CjSp 

+ Rosy manifested a different pattern of fluctuation with multiple peaks. Contrarily, 

CjSp + Bilbo did show a pattern of fluctuation similar to the Sp Cas9 except for its last 

residues. This is suggesting that for CjSp + Rosy, the PID is less stable than with Bilbo 

and could be fluctuating more and moving during the MD simulation. However, the last 

residues of the CjSp + Bilbo PID could have fewer interactions with their surroundings 

atoms which could explain this increase of fluctuation for these residues. Overall, the 

SaSp hybrids largely followed the RMSF pattern of SaWT, with some hybrids exhibiting 

higher fluctuations at position 1000, while CjSp hybrids displayed varied results with 

CjSp + Bilbo resembling CjWT more closely. 

For most of the hybrids, the number of hydrogen bonds between the protein and the 

RNA was similar to or greater than that of the WTs (Figure 3.4.4). However, Sam 

exhibited less protein-RNA bounding which could be due to its smaller size. Indeed, 

this sgRNA hybrid is the smallest one with only one step loop and a total size of 63 

residues. The WTs showed different number of hydrogen bonds between protein and 

RNA which could be linked to their difference in protein size as SpWT is the largest 
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one and CjWT the smallest one. The number of bonding for CjWT could also be 

explained by the triple helix. The residues from the helix could mainly interact all 

together and the conformation of the helix would reduce its interaction with the protein. 

 

Figure 3.4.4: Average number of hydrogen bonds between protein and RNA with error bars 
representing the standard deviation from the mean.The black-filled bars represent the 
hydrogen bond number for the hybrids while the white bars represent the hydrogen bond for 
the WTs. 

 

Although, the protein-DNA bonding did show less bonds for SpWT, it could be due to 

the size of the DNA (Figure 3.4.5). Indeed, the in silico SpWT complex used had 

significantly less DNA residues than SaWT and CjWT complexes thereby limiting the 

available binding area for the protein. The hybrids and the WTs did show almost similar 

number of hydrogen bonds except for Bilbo which showed more than 70 bonds. This 

could be due to the conformation of the protein around DNA after the MD simulation. 

The DNA residue could be closer to the protein and therefore forming more bonds with 

the surrounding protein residues. 
















































































































































































