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Thesi s summary

Expansion of CAG/ CTG repeats is implicated
neuromuscul ar di seases for which there are c¢

c ha

-

acsetl eby aut osomal domaoamdi tiindhreritiagger ec
repeat expansion within the Huntington gene.

Qur | aboratory has demonsitnrgattehde tShpe GQaost%® nnii
reduce the repatathecgaem a Ineomgt h. However, the
poses challenges for packaging wtatstsoict ategdi
virus (AAV) capsi d, whi ch i s cdoenlsiivdeerrye dmeotnheo
availabl e. To address this ' i mitation, I d
capable of fitting within a single AAV capsi

b
assessed chawbkgderRINAI ded endonucl ease ni ck
c

tiveness on CAG/ CTG repeats.

This thesis highlRIgihft ssmahlalteralGaesr9 ndgo eeshenot «
PAM sequence recognition. Further mor e, I h a

l inker into hybrid Cas9 construcdericaed eadlaln

Moreover, | demonstratedetdhBNAthed rececond yl
are unable to target and reduce CAG repeat s,
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Chaptéenér al | nt roduct

1. Trinucleotide repeat expansi on

Short tandem repeats (STRs), often called mi
human genome and can be found in 56 or 306 un
exornfMel oni et dhe pP898prn of repetition ca
dinucleotide repeats (2 bases pairs), trinu

evennocecl eateipkaat s (6 b(aEscekse r paiansd). HT hese200
mi crosatellites are a source of genetic ma
l andmarks in the genome that can be used to
di seases within famili(eWebepropandatNay s1,.9 80X; sk
However, under certain circumstances, these
and upon reaching a specific threshol d, t he
previously described, viahfgorn altNuRse. oSft uUSITRs da
various patterns of TNRs with,( SpAad a CeltG, a IGA Al
Yu et al . 1991,; Brook et al. 1992; Devys et
et al. 1999; PUThenaost @revhd9enr, however, a
These specific TNR expansions have been des:
di fferent Tab |lbelh Fd g ul(.4 ( Wheel er and. DCAG 20:
expansi ons ar e responsi ble -palkl il20l awwfy sahemit
(DRPLA), Glutaminase deficiency (GD), Huntin
muscul ar atrophy (SBMA), Spinocerebell ar at e
type,13, 6, 7, 12, 17. Most of the expansion
expansi ons ar e responsi bl e for Fuchso endc

Hunt i ndit oalaisli€e ( HD2) , myotoni c dystrophy t
spinocerebel |l ar atTahxei al otcyaptei o0& h (O3S CA8e.se r epe
within the -coding oegnhons of a gene. Depend
i mpact of the ewxpriaeh®dg repeaBerseaszsampl e, C

repeats in the 36 UTRrresgionrsi ®ff et i @r DNDMK qgue 1
stablinittlyi,s sabmat mahnl y tloe@mgcm&EADmMuil attelse

nucl ei of Tahej aetitThals.e pleBAE) present in the
form hairpins which can i ntharveeten wisthiowmomt he

16



sequesdtrhaere proteins disrupNapgent &alea cand OKr 2
1997, Far daei et al. 2002)

Il n contrasdcodiingnexepagnaoead teaattcan the prod:l
mutant protein. This is the case I n spinocer
repeabhs the ataxinlpr(oAdifuXxcNel) a gmaneant protein
pol yglutamlThessmoeaoh. padydreequlwatle dedlelnul ar

Di seas|Repe Gene Repeat | Ref eren
Dent atenn CAG Atrofh Exon 5 (Koide et
pal |l i do 12p13. 1

atroph

( DRPLA]

Glutami| CAG| Gl ut ami 560 UTR (Rumping
deficien 2932 2019)
Hunti ng|l CAG Huntin Exon 1 ( MacDonal
di sease 4pl16. 3 1993)
Spi nal CAG Andr og Exon 1 (Wi llia
bul bar m recepto Xgl?2 Kennedy
atrophy Spada et
Spinocer] CAG| THAP do Exon 1 (Tan et &
ataxi a contain 16q9g22.
Spinocer|l CAG At axi n Exon 8 (Chong e
ataxi a 6p22.3 1995)
(SCA1)
Spinocer|l CAG At a=2i n Exon 1 (I mbert
ataxi a 12q24. ] 1996)
(SCA2)
Spinocer| CAG At a8i n Exon 1| (Durr et
ataxi a 14932.

(SCA3)
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Spinocer|l CAG CACNA1 Exon 4 (Jodi ce
ataxi a 19p13. ] 1997)
( SCA®6)
Spinocer| CAG At axin Exon 3 (Krols et
ataxi a 3pl4.1
(SCAT7)
Spinocer|l CAG Protei 56UTR (Hol mes
ataxia { phospha 5932 1999)
(SCA12 regul a
subuni t
Spinocer| CAG| TATRAI nd Exon 3 ( Nakamur &
ataxia It protei 6q27 2001)
(SCA17
Fuchsg CTG| Transcr Il ntron| (Bresche
endot he factor 18qg21. 1997)
cornea
dystrof
( FECD)
Hunting CTG|Junct ed Exon 1) (Hol mes
di s elaislee 16q9g24. 2001)
Myoton| CTG| DM1 pr o 306 UTR(Brook et
dystroph Ki nas ¢ 199q13. 1
( DM1)
Spinocer| CTG ATXNS8 Exon (Koob et
ataxi a 139g21. 1
( SCA8)
Tablelt Every known CAG/ CTIGi s eipeaitsdidé steiasg t he di
of the repetition, the gene affected, the |l ocat

identified the repeats.
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HD

DRPLA
SBMA
GD SCA
SCA12 SCA1,2,3,6,7,8,17
HD2
Intron Intron Intron

FECD DMA

Figdr®®8 CAG/ CTG repeat | ocal i sianduloei anad arheodi §e
not represent the precise | ddet irempeaft st ktanr doee d°
the codiwmgdongnoergion of a gene.

19



1. Huntingtono6s di sease

George Huntington's groundbreaking descripti
mar ked a pivotal moment in under tHuamdii mgytrmoel
187.2)He elucidated HD as a progressive con
involuntary movements that typically start i
parts. Huntington noted associated symptoms
and headaoaoclreoxy.erM he highlighted HD' st heredi
of fspring of affected parents are predispose

the profound i mpact of HD on ment al heal t !
psychiatric symptomm daeapgession to insanity
|l eading to suicidal tendencies. As the dise
decline in both physical and cognitive func
chall enges posednby dADbmpHemensgtve insights |
subsequent research into neurodegenerative
understanding of HD and its multifaceted i mp

1. 2Gdnetics of HD

Il n 1983, the gene associated wit(lGudBR | Wwas erma [
1983)This study was a major step as it gave
find the genetic cause of this disease. A f

the gene | ocation was hypothesi tddcd®onhbédnaegt

al. 19B®¢ same research group proposed in 19
expansion of CAG repeats in a(MeanRomaltdiet t
1993)Indeed, MacDonald et al, analysed the |
75 families with HD and found that a CAG r erg
affected individuals compared to unaffected

ot his sequence with a bias toward expansion
vary in | ength and can be classified into 3
repeats i s dpdtimeglenmisc naosn t he i ndi vi dual wi |

lmgth between 25 and -p3abt hiogeknown bas nen pro

20



expansi on, especially i n t he germliaee Fin
considered as the threshol d -3t9o bdea wnegl oipn ctohnep
penetrance and more than(MONéullediakeast9peén
2015)Furthermore, the disease is defined as ¢

expanded allele for the individual to develo

1. 2Ep2i demi ol ogy

HD is rare worl dwidsepebuti ctpakhebnss Ehédngk
estimated to be 3 in 100,000, with (choinsshedrer a
and Hayden WaG14)yn popul ations have higher re&
per 100, 000, while Japan, Tai wan, and Hong

million. I n the United Kinlgad.o3n, p d th(el & &npfoldette d
al . 20E3)hni c di ffKHTHmxauss atont hebute to th
Popul ations with high HD rates, particularly
| ongl&@dMTAG repeat | engths than indi MiBdauealss eadf
al. 20Ibi)s genetic bias is associated with s
found only in European popul ationsgausnifnguen
and intermediate alleles. The higher prevale
t o be nicrefdl by nhiigsrteotriiacrg Kmpayt tedr .msdU.n d20 1sthaeen di ng
epidemi tHlDagyg bobf s petchdiic patterns is importan
deci-makhnhng, targeted interventions, and equi
|l eading to i mproved outcomes for affected in

1. 2S0Bmati ¢c mosai ci sm

As previously mentioned, the CAG repeat trac
a bias towards expansion. However, the size
Somatic mosaicism in trinucleotide repeat di
diféet cell s i n t he body of an affected [
trinucleotide repeat sequences. This means t
may have more repeats than others. Variati o
i mpactsei adaancement . Cell s harbouring l on
experience accelerated degeneration, intensi
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HD, this observation was confirmed through

have | arger repeat expansions present not ol
and t heTdlievreirus .etThals. situd4dy) unt bbereaied, t hmd c iw
regions show varying degrees of genetic 1ins
basal ganglia and <cerebral cortex, known f
el evated | evels of somatic mosaiciiskne Cheve
cerebellar cortex, show reduced |l evels of re
somatic instability may influence the onset
the cortex i n @i gmntou pwiotf h Hiotphes edheorwieyd ahnd her
|l evel s of somatic instabilitySwamtheseaiwit
This suggests that higher |l evels of somatic
correlate with earlier onset of HD.stlrni atthael &

projection naeauvueohsghBPNp)leval ent an(dLeeg eethnot
al . 20nldle)esdi,n-geketd udy i np&dDiaslsaawn t hat i nst al
much greater iiannySPoNsh etrhabnf Bandsakeé&r t.g pTehails. 2
approach has shown that the repeats will sl o
This accumul aeetmo dbbkexPrtessi on ofOnatehetrheger
accumul ati ancereedaahecsfamhowesdol @Oha@AG@snul ati on
repeats is much f afsdwery eards otnd yr & caakersau me w t
150 CAGs. At this stage, multiple genes beco
CDKN2B which encodes for P16 and P15. These
they shoul dmnoh expfe®asieomproteins, responsib
senescence andeaeoplteasd gt witthe deaThe of od he
ofSPNsepesents a critical pat hol ogi cal hal | ma
t he progressive deterioration opsymdt @ant r ifcl
charactefritshe cdntsemas®ti ngly, the instability
brai nt ycpeddsiThe diifnffestaliel itytypypesveaent cgkl f
understomdr buti kely to be |Iinked to the DNA

accumul ation of expansion.

Mor eover, alongside t hepdegye meruatoinen afl te di
neur onal popul ations and disruptions in brai
overall neurodegenerati @Rosascadeallhb s2 @c@anp | ie

interplay between neuronal | oss, circuitry
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under scores t he mul ti faceted nature of HD
understanding and treating the disease.

1. 2Ged4r ml i ne instability and anticipat:i
I n the earlier descriptiontdhofeftéeapridngeasenf
parents would present, in some cases, a mu
phenomenon called anticipation, which invol\
an escalation in the severity of thlkse dSTyhmpt o
phenomenon is influenced by the gender of tF
that a transmission from an affected father

for the offspring resulting i n at rmuncshmiesasrilo n
from the mother exhib(Redlaysiemi bar 4§.88¢f Da
Il n some cases, paternal transmission can ev
of fspring have a particularly wearly age of

documented that paternal transmission has r
repeat?21l14 CiAltse omfSpmeanagy et adahis2pBdédpomenon

to be lIlinked to the higlpat nspée&hblshliist ysingontiifciec
germline instability could be aa3MNAcrieapleidc antiit
or répPanbrson et al. 2005)

I n some cases,trlargmihasieerbssah documented but
rare compared to paf&nohéztebnddi cdvO®Y,) mat
transmission | eading tbaesbsbor beéenodaoiynaeoh t e d
et al. B®O®B)results show that instability oc

mechani sms depending on the gender.

1. 2Seébcondary structuirmpl anat ®MNAIi nepas t

One of the mechanisms that contribute to 1
replication. As DNA polymerase synthesises t
may occasionally slip out from this strand.

when ptohley mer ase simsg siyep éteisti Mwvreatr egt. oabn t2h0e2 O
context of TNRs, the newly synthesised DNA

23



depicFeddr.®2 This results in one DNA strand |

So promotes expansion of the repeats.

A B A
C G

G—C
CcC—G
GQP‘O L6C,
e c—G
A G—C A Replication
C—G ! 3

CAGCAGCAG  CAGCAGCAG)
GTCGTCGTCGTCGTCGTORTC

5'
CAGCAGCAG “ 5

3§3TCGTCGTCGTCGTCGTCGTC g

3 5'

Figdar.2 Phenomenon of DNA sl ipp@feThe t polCABGE ICA Ge
out from the DNA strand and the new DNA strand
anneals with the blue CTG codon by base compl em
with the greesitiieG scaondeonpri nci pl e. Unpaired base

This can happen in the case of unexpanded an
sequence, the secondary structure @amiaptept
hel i x, hairpins or even quadruptlerkdb stmoatt wur
form h&dMapignss Gacy et al.. Th®S%®; hRiiatpdrmnd s2 03
vary in size, and they may form on both st
il lustFagdd®2i n t has been established that t

higher the I|ikelihood of secondary structure
to be mo(MastgabbeGacy et al. 1995)
As the mismatch repair system (MMR) is invol

researchers decided to explore a potenti al '
MMR pr o(tSecihnnsi dt and .PeTalres dWSHEBD h@&)t er odi mer i ¢

( Mul)8 et ect sbassienghies mat ches and small i nsert
whereas t-M@H3MSHEt er o dipmeary s( MutrSO1l e i n | arger
yeast i ndicate that short5 ttmiimpdeltesgt idded rneopt
expand or contract( Minr eatn eMSH&hinsullSaOnGye st s t h
may not play a substanti al role Iin the maint
trinucleotide repeat seqgquences in yeast. Hov

translate to the role ger MEHR2nunl ebei déabepe
ot her organi sms. Il n another i nvestigatnon, p
vi ttroo CAG/sCTG@ped, sama@ndssubsequent gdttuhde e s d
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invol vemenmMSKE3 IMSHRI ndi ngPE€RAGs bmi epiTalsf ut d@he

study implications of DNA repainr g vat eisn hiaw e
been perfor med. I n a study to understand mo
instabil”imiyx,e M®HZ cr os s(eMandi gy eitD Ehiec'dIr9H9D )

mi ce model showed signif itciasnstureelix gahres gvoerr , i n
striatum, cortex, hippocampus ZmidcéhaTlhelwulse a
presented iwaslblahi Itihtiys awas associated with ¢

suggest that MSH2 is required for sbmasue in

speci fFiuaother studi eSHhaas ahcwn |t mktedMt o r e|

the striatum Teomd® tehte. allT.lviex01sth)ed | i ght on th
repair proteins on CAG repeat instability.
A A B Cc A
c G c g C G
G—C =G G—C
A A A A A A
C—G C—G C—G
G—C o G—C
A A A A
C—G AC_GA Cc—G
G—C G—c G—C
Acgh A A Acgh

CAGCAGCAG CAGCAGCAG CAGCAGCAGC_GCAGCAGCAG CAG CAGCAGCAGCAGCAG
GTCGTCGTCGTCGTCGTCGTC  GTCGTCGTC GTCGTCGTC GTCGTCGTCGTCGTC GTC

9-0 9 0

1 1 1 1
J—9 0—9
9-0 o-0

1l 1 1 1l
J—9 0—9
9-0 o—0

1 1 1 1
=9 0—9

) o) 9 o]

1 1

Figar2Z2Secondary structures (fA)r neendd b(yC)C AaG e etpheea tdsi
of hairpins CAG/ CTG repeats can adoptUnpéaB)yeds
bases are depicted in red.

1. 2TThée huntingtin protein

The huntingtin gene on chromosome 4 codes f
protein is 348 wkebcab nisne rsmiezoea namad si.s I n humans,

is found wubiquitously throughout the body b
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t he cel(IMat gpes Sousa and Humsmberxtpr 2604 Bdn a |
throughout the brain. While HD predominantly
al so present in the <cortex, thé Shugpgpwc amplu
Humbert. 2A06RAOIUIGH functions are not fully |

i mplicated in many <cellular functions.
|l talismpl i cated in cell survival-3aacttswgsatdephe
overexpression r 8sulnthaab iptmootoaismp aisevol ved i n

and executionf Zofangpep.t @asi.s 2006)

As expected, it also has a role in brain fu
influence the ederiesvsdonewvfotorap@uccanot et ¢
200.1)BDNF is a protein that plays a cruci al

of neurons. It has also been i mplndatdd Hm@mTc
has been shown to interact with HUHtamgtetnh |
al. 20B#BWP14 i s a protein involved in pal mitc
proteins). This crucial tshteegpupbaysnaandmporcast
protein. Dysregul ation of pal mitoyl ation by
trafficking in HD neurons.

The protein has manyi tdsiusicaptoinegn whwelref onevi

sever al effects.

1. 2T.hfe mut ant huntingtin

CAG repeat expansi onr edfiestooedde s s palk ¢ gladtsaomi n e

di sorders. The CAG triplet codes for the ami

repeated sever al ti mes, produces a protein
repeat expansion in exon 1 peatdsi ho(mMHETEr eh
abnormally | ong. As described in the previou
pat hways. A mutant of this protein could t he
l evel s.

MHTT protein has been shown to accumul ate ar
which can be toxic for the cells &Havheg ean
al . 1997, ScherzFwmgeheremorad,. tIWeO 7mMHTT aggr e
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shown to translocate into the nucleus and in
on the brain have wd-bEghp(BVETt)r aH BT dcdmt sti mul a
expression. However, MHTT has | ost this abi
BDNFt heD br(&Ziuccato et Falrt h2003)t udi es have s
interacts with p53 and cAMP response el eme
transc¢(bpefban et ldal .waz00a0)so shown ttheat mH
transcription @frodehotshef hdmahhebemai n and mo

specific brain regions | i Keédotdlgee smettoral c o r2t0ex

Att hRNA | evel, it CR&EGs repewan st kain al so | ead t
RNA hai(iSpbrg ak et Tahle. s203)l ity anddepend eng:
on tNhenbefr repeats with mamereepéeathd ei mducipm
secondary structur eBNAdmdti mgr efrorte imecrawnidt d:
cell 0s (HWHeicnz ommts al . 2021)
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1. Botenti al treat ment f or CAG/ CTG

As previously discussed, CAG/ CTG repeats ar
di seases, wi t h onl vy Fuch's di sease havi ng
transpl aBtatrzen and Eolbyhomada)ority of pat
standard of care revolves around symptom mal
i fe. Despite their <classification as 'rare
compared to some ot heof dtihseesaes edsi,s aorhdee ri smpeaxctte

individual to profoundly affect their famild]
weakness and tremor s, individuals grappling
chall enging journey markedi oyl esntot aiomal THhing
extends to caregivers and family members, wh
financi al stress, and the emotional t ol | o f
Additionally, t he soci al i soll atgii e i aaelsulbtair
exacerbates the challenges faced by both p:

uncertainty surrounding the disease's progr

comprehensi ve support. Addressing t he comp|
CAG/ CTG repeat disorders necessitate a holis
symptom management but also psychosocial suy

urgency for developing a cure for these dise

1. 3SnMal | mol ecul e 1T nhibitors

An approach to developing treatments for the
smal | mol ecul e inhibitors. The function and
increasingly wunderstood, i ncluding its intel

lwering the expdersisved mdurbotai mpBi omdbastet &

201.3) The | oss of BDNF expression | eads t G
overexpression has positive effects. Devel op
or mimic its activity represents a significeé
with tropemgptsor kinase B (TrkB), a receptor
(Lu 2003; SimmonA kossalof 2BDRF affects the a
L M2 24A a small mol ecaheé, abtannddst aos tTrekeBn s hov
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restore some HD phenotypes when administered
results were not confirmed when (tTeosdide deti nala
201.4)

Protein acetylation, cruai &Ilosframptterdansc HIDpt i
its pat hoMemarcliaryd et Sall i s i2s0tla2t), a small mo
investigated and showed efficacy in reduci ng

mode(lSmi t h et. arlh.i s20nmod4)ecul e sel eclOriovseo pyhibian

mel anogastderits ma mmal i an counterpart, Sir°
deacetyl ation of histones. Selisistat has be
we-t bl er at ed, (&nd senfuftenc teitviehi s 2@iLpted i nhibi
deacetyl ation presents a potenti al therapeu
regarding potenti al hepatotoxicity, which re
1. 3RNAI

As mentioned earlier, the CAG repeats produc
that disrupts numerous cellular functions,
approach involves the devel opment ofHTThort i
RNA, a method known as RNA interference (RNA
model , YAC128, it was confirmed that wusing F

i mproved behavi ourSala nteeks te.to watl c o 2edsl 4 )

However, there are two maj oerap@phalalcehiRdNekI radd o
not oedycelsevenle of mutant huntingtinWbut al s

huntingtin protein. As previously described
reducing its |l evel could have deleterious ef
met hod is a challenge, as it requi resn.direc

Since this technique may not definitiwtedy cc

the brain would be needed throughout the pat
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1. 3ASOs

Another strategy involves the use of anti sei
reduce the quantity of mutant huntingtin ( mt
all owing them to bind to it. This interacti

initihat chg@gatvage of the RNA strand and facild@

RNA Dhuri et al. 2020)

| SI'S 443139, | ater named Tominersen, has shc
HD( Tabri zi .etl talmtao2alglfedd)i eccireenatsley mHTT | evel s ar
trial went to phase 3. However, |l ack of i mpr

to ttehremi nati oMookotwvlee,tthabk. approach reduces
WT HTT, which could be har mful as the HTT p
functions. One way to avoid reducing the WT
Pol ymorphisms (SNP3arget iHDg pSSNRsnd peci fi c t
feasi bl e, but t hlei mdidiven sniudmb eirs otf h aHtD iptat i ent s
from this approach.

Anot maj or drawback for this approach is that
DNA mutati on. The number of repeats wil|l k e
treat ment efficiency. As so, the ASOs wil|l

pati eat®s br

As the understanding of HD pathways and the
treatments are under devel opment. However,
CAG/ CTG disorder s, such as SCA or DM1, have
cure or tt rdeeavterheorped for HD may not necessar.i

DM1 due to fundament al di fferences in the pa

1. 3CRIl SPRIi

Anot her approach is wusing the CRIGPRo i att ealf e
202.3)The CRAsSPRapproach is | ater discussed an
uses a dead Cas9 (dCas9) targeting the CAG r
to the CAG, stopping the transcription proce
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and the HTThipr atpegpirm.ach has been showing powe

reduction of mHTT and i mproved behavioural r
As for ot her MHTT approaches, it al so reduc
harmful as this protein is involved in many
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1. @ene edi

ting

Gene editing has been revolutionising molec
ability to directly modifybd hies DNAi onfvami oug
aspects, such as treatment for cancer by mod
cancer( Lcuelelts al . 2020; Al Femaadrimcelkttate, 2023
genomes and increase their resistance to di
yi e(Bisx|l ey et Valiino2n®2d?e)l s have been devel ope:q
editing by performhegi kaerctki on of -ONA, Iinhe

del etion(&Geuatgemre al. 2009n Che eanadeér RIOAI6
used to pr-odoekel SARChi meri &i gdt.Bg e nBIlroeocde pcteol
are collected from patients, and through ge
introduced into these cells. The resulting 1
their surface, allowing them to mectoigaen .2 eT an
therapy represents a significant a®Ovhpvpcemen

met hods ar e

used

32
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@ Acquire T cells from a blood @ Create CAR T cells

CAR T cell Chimeric antigen
receptor (CAR)
Teell Insert gene for CAR P Antigen-
N %/" i recognition
T/ \ e domain

domains

"\ L;_/] —> M %\%‘T/’% i|S|gna|ng
L

Infuse CART

cells into patient @ CART cells attack cancer cells

e

Death of cancer cells

Figdr# Producing amrdldsi ngo KARhT sahicgur eeWwas. a|
from Biorender.

Gene editing stands as one of t he most pro
di sorders. This approach offers the advantag
responsible for the disease within the patie
muati on obviates the necessity for medicatio
earlier in relation to RNAI and ASOs. To dat
genome editing. The Zinc Finger Nuclleiaksees (
Ef fteoa s Nucl eases ( TALENS) ar e both effecti
composed of a cust-omeciabibenBEANgedoemai n whi c
fused to Fokl, a type 11 resthiigdt. g Ki enn cda n u c
al. 1996; Cermak et al. 2011)

ZFNs are comprised of three zinc fingers th

sequences. Each zinc finger recognizes and [
zinc fingers are |inked together to enhance
coml ementary sequences, the zinc fingers i ni«
douklte and breaks (DSBs) in the spacer sequerl
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The TALEN approach empl oyd i Kle arEd d reicpg toironNu
( TALENs), wBbchmane 88ids in | ength and reco

of DNA. This method involves tandem repeats
and bindngtltee @ase pair. Once bound to the
di merization of Fok1, resulting in DSBs in t

— DNA Binding Domain ——}— Nuclease Dimer —{— DNA Binding Domain —

ZFN

—— DNA Binding Domain ———|}— Nuclease Dimer ———— DNA Binding Domain ——

> <
'T;;. \\ @ > L7 N :
2 e Y :
TALEN RIS S ARE
I SN RERRRRCwAECHREN P LI y)lu_u'\uﬂ;WI
S 9 9o %
Y N5 S

S
(Q&J Zinc Fingers %, \\ TAL Effectors \ﬂ Fokl Nuclease
by 9.

Fi gur.& ZFN and TALENFa&pppraonadc hEALENs bind to a
seqguence and all ow dimerization of Fok1l which ir
was adapted from Biorender.

However, a system, mo raen dp rdeecsilsgew, ceoassti earn dt or ou
been taking over. The Clustered Regularly I
Cas9 (CRBSBR.

1. 4CRll SERBRs 9

This system was initially HYIcskewniedBeidacianailt ih e
198(7l shino et Tahle. CIROI8S/PR system relies on sh
separated by unique seqUédnoesncell allesgpéecer
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DNA codes for viral DNA, whi ch have been ins
to be creating a memory of previous bacter
bacteri al adapti (eMoj mmanet syutrene@ 08) bacter

invasion, the spacer DNA is transcribed intc
This cr RNA, along with an endaeancutcilveaatsien gn adield:
RNA (tracr RNA) , col I ect i vwGasy9 fsoyrsnisg isttheemheinst isi

then able to cutprbeesered gntDNAnandipguat e €R
the badtigrdir®8 . (The tracr RNA binds to the cr
functions. The first one is to recruit t he
transcribed RNA to for mtrnaclrtRNA.e Tphael r tsr aocfr |
interacts with the Chadtipontketnwe®n earselrye ¢ o
CRI SERs system. As a first step, the Cas9 p
motif (PAM) sequence on the foreign DNA. The
preventing unintendedtBNHetdtioensknbwdead, of
is corresponding to the phage DNA and is in
protein could in theory cut its own genome
PAM sequence prevents this a® thhestPAMnofmet hwa
di fferent (&s gdir.gp.|l Satyneedp tionc o ¢ ¢ U S ppaycat geer hi Bas

Cas9 recognises a NGG PAM sequence on the fo
is in the PAM6s positi(Monjionaies alvn DPDOBA5| s Tg

This difference will prevent the Cas9 from r
and initiating cleavage. A PAM sequence i s ¢
recognise a different PAM sequence. Ihfe al | t

protein can therefore | DEBiapeotkbetvagethg b

death if the bacteriophage enters a |lytic cy
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Streptococcus' Adaptive Inmune System against
Viruses: CRISPR-Cas9

Virus
Repeated

. sequence
incorporation of ¥ i i
viral DN into the [T, o
bacterial DNA
Spacer Transcription
(viral gene)
Pre-crRNA

Cas9 complexes * ‘ﬁ
with the tracrRNA RNase Il
tracrRNA

and crRNA duplex

RNA duplex ﬁ] c ﬁ] c ﬁﬂ
cleavage by < ><
1—'_J
crRNA  Cleavage
by RNase Il

RNase Il

Genotoxic double-

Reinfection by stranded break

the same virus

PAM (protospacer adjacent motif)
in the viral genome enables Cas9-
mediated recognition and cleavage
of target DNA

Fi gur.& CRI-G&PsR as an adaptive i mmune syste
infedhienfigure displays the i mmune gt @mo
the bacteria by cFutgtuirneg apdngapstiesdds oflDiNoiAm et a l
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Viral DNA

Matching DNA
PAM PAM PAM PAM
GTT GTT GTT GTT

genome

Spacers

Figdr# The PAM serves as a protection for off
i mmuaegstem i nThkeacPtAeM isscequence of the targeted D
bacteriabds PAM. This difference makesNdthe thlaatt er
the PAM sequences used here are related to Strep

1. 4Th2e Cas9 protein

Il n this section, the CasStprept ®icwm cu Ieads Py D gaem
The function,sattbmmaj napndgmetchani sm remain t he
proteins, although the size, PEANfseqgeamrtc & Sr ¢
bet ween different orthologues.

The Cas9 protein is an RNA guided endonucl e:
The protein is mainly formed of two | obes, i
l obe (MNUC)r.g . The protein contains two domali
Ruv Cl and the HNH domai ns. -tTahreg eRuevdCID NcAa nwhe d
HNH edits the(dangktetdFBANAL& 01dThe PAMgi nter
domain (PI'D) is crucial as it recognises the

being any (nMocjliecoa i edlte al . 2009; Ni shi masu et

37



Il ndeed, it has been shown that the 2 G bases
Arginine 1333 and 1335 Nbosthh macswa.tedTdhailsn d20ea8B
i s t hdarmpfoaftearntenabl ing Cas9 to recognise t he
any -tafrfget mutations. Moreover, the Cas9 alw
PAM s equrFeingcder..@(( Gasi una2s0 1e2t)Aal t his system i s

using two domains, the inactivation of one o
a nickase which can only cut one strand of D
inactivate theJiRuelKletdomaiwad®d1lf2)rst assumed

of the HNH was induced by a H840A mutation

after this mutation the protei@Levasetstal | 2@
To fully inactivate the HNH domai n, t wo mut

Combining those 3 mutations create a catalyt

its ability to cut (DMA nmnutetcaanl .st20U9)bi nd to
1 60 94 180 308 718 775 909 1099 1368

|Rm,c||aH| REC1 | REC2 REC1 IRqu ||| HNH RuvC il Pl

L IL IL |
NUC lobe REC lobe NUC lobe

Figur® Sp CasSord@anaiihiaerioptnei n i s mdiorpleyst Heor MU @ f
|l obe which contains both nuclease dAdaipnse,d Ru ol
( Ni shimasu .etBHal=. B20d4)e hel i x. REC = .Recogniti ol

Cas9

tracrRNA
3

Figdr.e ThedHMHAdwmts the targeted strand DNA whi l
targetedhet PANMdiL s | ocated near the targdthed seql
cuts will be 3 bp upstream the PAM sequence.
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1. 4T h3e gui de RNA

Cas9 i s -gauni dReNJA enzymedi sadyewbdn it was def i ncg
RNA sequences, the crRNA and the tracr RNA. H
by fusing the cr RNA and the tracr RNA toget hei
(GAAA) named t(hJdei neekt reatl odohp. s 2@ilthe¢ed to facilit
Cas9 swywstamgenome enbgyi nceregdtnigng oamlchi meri c F

as single guide (sgRNA).

The c¢crRNA i s composed of 20 nt which wil!l bi
compl ementarity. This is called the spacer s
but when a target sequence is fewgrFut hean alé
201.4)Studies have shown that increasing the

editing (eRdn ceatenacly.he2dd*)al spacer sequence h

efficiencyi2lbebwweant @d2amhe spacer sequence, 1
which is named the repeats region. Those ba
sequence complementarity. This interaction

alone with the Cas9 doeg Jnmomtekpredadwde &M 291l e

The tracrRNA is ceampesadd refgi am amiich i nter:
compl ementarity with the cr RNAasThé er sxtafdfol
the sgRNA and is composed of multiple stem |

Cas9 species to another but their main role

Cas9 and enhance stability and fRNAIiinsg aobfo utth
70 nt and possesses 3 stdmilsdops,s va(eltgaail ed i2f0
1.4. Stem loop 1 has been shown to be cruci e
the |l oss of editing. By contrast, del eti on
compl etely abolish editing efficiency. Del et
by 30% and removal of stem | oopHSu adtona&l r e
Ni shi masu et al. 2014)

The stem |l oops 1 and 2 are often |inked by :
l'inker. However, this doesndt seem to be <co

tracr RNA Campgmobactenmotjhejr,uln@s 9 not contain i
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seq
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Wh e
si g
as
Si z
cas
i nc
The
sho
edi

seq

ue(nteemada et. alt. waldsl 799l so shown tbmaédt r emo
rease the editing (eMNifdlciimasuw . etf alh.e 2SP1 4L)a

I mi sation of the sgRNA was performed to
reatser géf editing. The presence of a GUU
cer sequence was thought to potentially &

, t haulsl yp odteecnrteiasi ng SsSgRNA transcription e

n modified by conver3¥Conrofh Ghetheuetdht Ur
ni fican{Danpgnet elahbee dc2o0mp5l)e ment ary base ha:
wddrieover, studies have shownr dpeadat irmegiem
e i ncreased (eChietni neg eaflf.i c2i0eln3t;yn doeaendy, eitn adr
e, increasing the duplex zone by 5 base
reased significantDaygt heed .eadi.t i2r0gl 5ef f i ci en

specificity of Cas9 can also be i mprovec
wn that modifying the spacer segwantced]| el
t s, al sooftfa ngevin (&w@ertts alln20hd) study, a

uence produce sit@gmiglitcamctoimpafrewert ooftthe us

Vari ous sgRNAs can be developed as multiple n

Thi

s makes its full optimisation more diffic

musbte defined withtaagetsormaéesce off

Che
edi
me t
di f
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mi c al modi fication of the sgRNA has al so
ting effici eOanteyt.h y®ueitazhGyd n 3@f phod s p-BGor ot hi
hyl 36 thi oPACE at 56 or 36 end of t he
fte rgeem o niiHee nldeedi et al . 2015)
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1. 4Gednome editing with Cas?9

CRI SPR has revolutgemdme de dihtei nfg efldr oHumans.

demonstrated that the c¢crRNA sequence <coul d

sequence, and in 2013, the system was used
mammal i arf Coprgl &t al . 2013; Hwang et Cals9 20
emerged as a promising tool for correcting g
del eterious mutations and potentially cure g
a mouse model of Duchenne muscul ar mdetsita oph

mutation in the dystrophin getotBHel seanadengalko

Two years | ater, it was used on(Amoasi heemoe
201.8)When treated with Cas?9, both ani mal mo ¢
l evel of dystrophin expression,usper oovfi dGansg9 ai
correcting mutations and | eading to clinical
Despite its wvast potenti al for therapeutic
chall enges accompany its use. One -thart gdtl e

mutations, whereby Cas9 may unintentionally

butotn i dentical, to the target site. This <co
potenti(adonhgarem al . 2013; .PAa&tntodrhayalc osmtc ealn. az
the generation of DSBas@duedngi nhhepCRt &P R. L
cellul ar DNA repair -hmenoh amgiosims elnidk ej onon ng
homol-cbigryected rebMaore({ HBRNHRXO O0B9n be del et er
cel I . |t can induce differensu&hdasetif omngse,n
i nsertions or transl ocations. These events
i mportantly, if they happen in a tumour supj|

l ead to car(cLiinecbgeerneXBG &=s0)p ot enti al toxicity a
emphasizes the i mportance of -Craesf9i ntiencgh na mgdi e

mi ni mi-tzeer pdtf effects and enhance the precisi

One way of decreasing t htearpgreotb anbuitlaittiyo nosf a nndd

is to use Cas9 nickases. This system which i
than its nuclease homologue andargeéevenuttah ool
(Jinek et al. 201 2; Ran .etUmlli.k e 00BB s ,S hiemd ie\

nicks are repairedrlkeyathespasemexwhscbnis Kk

4 2



fidelity in t0®i aepai angpr dlgpdHolwenv el 013} h a:
recently discovered that this systtamgetss sdand
t hatt aafgfet frequencies were highly ITinked t

seque(n@uer a et. aHowewern,) the nickase system i s

—+

rying to cure genetic disorders as well

n the context of CAG/ CTG repeat disorder s,

]

eplacing the extended GCé\Gpanrededatt rtacatctb ywi it
njecv¥Yamnet .ahi s2Mm@€Bhod used ,t hhen Gdh&EBeadpep r o a c
cuts at the expardoedia@ddCirtepalcaca ndomnar wDNA

sequence c2ntGAG.idhagi ng so, the neurological
as wel |l as the neurotoxicity of the mutant
chop out the expanded-d€mTGveepHEPhoobemazgansoi ertt
201.A) Cas9 nuclease was used with 2 guides

downstream of the expanded repeats. DSBs wer
DNA was repai rlksdy stiean.t hTehisHE esul t ed in the r
repedhss resulted in a significant 1 mprovem

both systems were using a nuclease system th

A nickase approach has been successful I n

approach used the D1O0Aonmi c(kEpsgHRNWi ttrar get( ICAd G
repeat edrFi OQMA &(. When teste&dPomrehl HEKne <car
CAG/ CTG repeat expansion, this system-manage
pat hogeni c( Gihnreessih oeltd Tahle. axGBuénpt i on i s that S
the CAG/ CTG repeats as a PAM seFgugedrcee . and |

|l ndeed, it was shown that Sp Cas9 can al so,
a PAMval ton et &Bhe 2ORNA then hybridises wit)|
compl ementarity and induces a DNA nick in o

times on the repeated DNA strand and the mul
repeats. Mor eoven, H¥ElKen moastl e dveixdpta nad emo m e p e a
tract, it di dnot |l ead to contraction i ndi ¢

expanded all el e.
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J\_ o'
3 GTCGTCGTCGTCGTCGTCG (CTG)6
CAGCAGCAGCAGCAGCAG

PAM :
' 3
° CAGCAGCAGCAGCAG CAGCAGCAGCAGCAG
4GTCGTCGTCGTCGTC GTCGTCGTCGTCGTC
PAM 5
GTCGTCGTCGTCGTCGTC

CAGCAGCAGCAGCAGCAG

5 ___PAM 3
CAGCAGCAGCAGCAG CAGCAGCAGCAGCAG

4GTCGTCGTCGTCGTC ©TCGTCGTCGTCGTC
5"
5' _GTCGTCGTCGTCGTCGTC /) 3
GCAGCAGCAGCAGCAGCAG
(CTG)6

Fi guWr.& Sp D10A Cas9 on CpGéCTmamelpeassin combi

sgCTG while | ower panel is using a sgCAG. Depe
sequence associatétl wesspbgGagdi déerehe. PAM wi l | l
usi nsgCAG guide the PAM will be CAG.

When tested i fmalibdearnidv edMIneur ons, astrocytes
mouse model |, it was shown to contract the r

det ect aabalregedfsf above the background mutati on
(Murill o .etThils &p@rdgach i s promising for HD

di sorder s.
1. 4Sp5 Cas variants and Cas9 orthologue
Applying one point mutation to Cas9 can dr as

demonstrated by the conversion of the Cas9 r

many other Sp Cas9 variants have been develc

to cedaot he produacrtgadtheiomstooif ver et al. 2016; S
Casi ni et al . 2018; Lee etThdse 290ylsBt; e niksu | lcas W
pr odufceewe ftfar get s . However, there is a-cl ose

targets as r-edugeng |ltetmel affofm redugetoprdoti ar

4 4



Anot her aspect that could be enhanced for Sp
believed that Sp possesses one of the most a
orthol ogues. However, certain genomic | ocat.i
to accewdi fying its PAM sequence could furt

variants have been designed to enhance PAM f

recoigmg NG PAMBAMIren®sasequences, exhibit a wi
recogniNtiisdin masu et al . 2018As &Mapeoneccdt tahe
more mutations in the PID.

The different Cas9 variants developed with t
the tablTabbe) oMot e that these variants are o

variants for other Cas9 species have been de

Cas9 name Mutati on( Ref erence
eSpl. O K810A; K1003| (S| aymaker €
eSpl. 1 K848A; K1003| (S| aymaker €

eSp plus| K848A; R1060 (Kulcsé8&8r et
aci ds-10A@®5r e
by 2 Glyc
SpG D1135L; S11 (Walton et
G121&K219Q
R1335Q; T1]1
Sp HF1 NA497A; R661A (Kleinstiver
Q926 A;
Sp HF1 pl| N4A497A; R661A (Kulcs§8r et
Q926A; Amine
1013 repl ac

Gl ycine
evoCas?9 M495V; Y515N (Casini et
R661Q;
xCas9 3.7 A262T,; R3 241 (Hu et al
E480K; E5431[
E1219V
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Sniper Ca| F539S; M7 6 31 (Lee et al
SpRY A61R; L1111R (Walton et
S1136W,; G172
E1219Q: N17
Al322R,; R13
R1335Q; T1
HYPA Cas9| N692A; M694A (Chen et al
H698A;
Sp NG L1111R; D11 ( Ni shi masu e
G1218R; E11
Al322R,; R13
T1337R

Tabled The different Sp Cas9 variants known, t he
which devel ops t hem.

The Cas9 described in the Ppfteepbososeucsi pygo
bacteria strain. This Cas9 is the best desc
because it was the first(diiondl a@dtesalr.i bz@l a;nd
al . 200d)binds to sae qgNUE@&/oMAIGh PAMpr efmalinecg f o

this Cas9 effective a(Manaingya |letciali.n 2.0®&9tg eTso
al so shows great editing (eCfofnigcieetn.cayHd w2 OnkaBnmme
the size of this protein presents a disadvar
which makes i1t difficult twi rpalc kdaeglei Vi eorry snoente
i s nor mal |y circumvented by usimhagr semad mpelre
Staphyl ococ¢t8a) aCasefisis 1053 aa |l ong and wus
(Ni shimasu,etbudl rez®@hm) ses a rarer NNGRRT PA

A or G). The Sa Cas9 displiayswhedugstseéddt iim
mouse model , proving that (Rancean .s UHowdaouMldd),e
the PAM recognised by this Cas9 makes it | ec

have started to develop Sa Cas9 variants to
managed to have a PAM sequenc¢daneebgnaliTthieef 18
Campyl obacCaes9 ) éLCuhi i s another option as tF

containing 984 aa and a 93 nt | ong sgRNA. It
(where Y represents(kKimpyet maldi n201T;,oYraolg d a
present as often as NGG in the human genome.
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possess robusti ®diwihieang uasetdi( Kinthyme c ealSonke0 17)
variants have been developed Naabeawaden @atls
Schmidheini. edowéverR02td4he Cj Cas9 was shown
the absence of a sgRNA, suggesting that it i
target nfuStaahtai oents. al . 2020)

Ot her Cas9 ,orghohogses hose from Neisseria n
novicida, have demonstrated the c@lpadidét t gl i
2016; Achary.doeeveaelr, 209y efficiency is | ov

1. Beli very system

CRI SERs9 is a power ful and promising tool
including CAG/ CTG repeats disorders. However
be introduced into human <cell s. Di fferent
di fferenhs same@ngeaknesses. They can b-e vira

associated viruviersal( AAVKe olri mioch nanoparticl e

1. 5Lelnti viruses

Lentiviruses are one of most common tools to
mo s t widely wused is the Human | mmunodefi ci
envel oped viruses and they are part of the
t her ef odreed ebnyc ORNA whrirahscsi betdras doubl e str;
t he hoski gate.ld& . (The dsDNA integrates into t|
provides a strong and stalljlLeweéxpke s.eitbpa l[tod 21
9 kb can be inserted into these viruses, wh
and the sgRNA together. They exhibit a | ow
Lentiviruses have displayed strong tropism
no-di viding cells with high I(eFveedesr iafi .ient eaglr.
When | entivirus is -Ca%nbni nae dnowisteh n®RIIeSPR succe
has been demonstrated, indicating that both
(Hol mgaard .et al . 2017)

Thentegration of the viral DNA in the host g

strong expression of the transgene, can hav
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i ntegration site. |l ndeed, i f t he i ntegrat.i
expression of a tumour suppressor gene thi:
i ncl udi n(gMacrawniccekr 208 )st udi es have mutated t|
essential for integration,nttegyian g(ndghoavwe easredo o
Cornetta BRY1doing soredheg tahenelr eqquency of
therefore reduce the potential risk associ at
of transgene prboduegrani wgthenbohvi (W§®ezi s
Mufoz et .al. 2006)

Receptor

Cytoplasm

SR
/ Vg/ NG

VaVaVal Virus core
Nucleus

Viral RNA / structure
VAV A VAN |
Reverse
\ transcription / ( @ » _LL)
Transcription _/‘

@ Translation
\
Viral DNA ﬂ 503 %Q wa= %ng(

} @ Integration

Ve
RN

—— > MO0 ﬂ
Figar.® I nfection cydhe Worusetooviinsesan RNA gei
reverse transcribed into DNA. This viral DNA i s
to the productionAdaphewd Viroml Bpooteaeides.

1. 5Li2pid nanoparticles

LNPs are a promising tool as a delivery mec
components are polyethylene glycol (PEG) Ilip
and cholésnéepaol et TaHey 2@0rlby)i de a wide variet:
as the LNPs can carry plasmid DNA, FimRINrAe or
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1.5 . Their cargo size is big enough to pacl
SgRNA. They present a safe option of deliver
even after mulKepje ehj edtNPisRtheéalv)e already be
viaad show high ¢gdiitninngte fals.cfizedmB3) br ai n del
a study encapsul ated mRNA coding for the fir
the brai @Nabhamcet. @Alnal 3y816) of bi ol umi nesce

l uci ferase was as6tramgl| 2mM vihk ¢ dfioteeari ni nj ect i on

bi oluminescence was significantly | ower 48 h
not integrate in the host DMAnsgéentckasesheve
ti me.

LNPs offer several advantages as a delivery
repeat disorders, the same study mentioned
frataxin mRNA to a mouse model of Friedreic
GAA repeathe frataxin gene, | eading to a dec
intrathecal i njection of LNPs resulted in ali
the dorsal root ganglia 24 hr after imhjeectio
this method delivers mRNA, It does not addi

responsible for the disease.

While this delivery system demonstrates r ema

i ts predominantly fatty composition means

treatments. When LNPs were administered intoc
of NRL.s were detected in the (#Hang, eheatThi2i2@
i mplies that the efficiency of LNPs can var
met hod and site. Furthermore, it suggests th
remai ns l' i mited at present, emphasi siirng t h
application is intended for ma gdaatsa oitdhes h avhia
di stribution of LNPs in other organs after

tested different LNPs by increasing orthdecr e

more PEG were 60 nm di ameter size versus 85
The 85 nm particles showed a higher |l evel of

optimisation andLMBdirfuict¢carieomranf impact their
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e recently, LNPs have gained significant
e i nloCoOwddci nation. This innovative appr

el opment of highly effeBtoNMé&eowhcande Mode
er aegeldNPtsh vector systembdavedevVdNersdheand:!
tha.20h2)xs technol ogi cal approach has bee
cessful depl oyment of vacciCmé2s noRINAa waglso b
apsul ated within LNPs, ensuring efficiel
apsul ation prodess sndtheorlryagi | e mMRNA str
also facilitates their entry into cells
ponse.

e recently, LNPs halve Vbaeani nasteidor.orl rCde/d d
NTech and Modesna usettoLNPgstem for their

(Wil son and .Gdaet IS8EBRO0 2n”2PRNA was encapsul ated i

Therefore, these data make LNPs a viable and
A B C
o © 4 )
O : O % ® S 1O » Endocytosis
/V\Q) ® @ - 2 ® ® A ~ Q
® o et S
= < Cell membrane
Cytoplasm
(J(r
o Translate < & ¥
K
nuclear localization
Translate © pPDNA
o r
(f' - b (J,fCaSQ mRNA and gRNA
ranscribe
@) Nucleus (r RNP

Figdr.® The different packadiNPg aovpttihorn Agv @il lasbmi «
MRNA and (C) Ri bAdnauwc leeqofaradmeii ann et al . 2022)
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1. 5SAdBemassoci ated Vviruses:

AAVs are arguably one of the best delivery s
of sshgheded DNA (ssDBNAyel bhegamd et meoinr DNA
transcribadddenRNAans|l ated intoFipg@ant&in 1in
Mul tiple different serotypes of AAVs are a
characteristics. Their difference is mainly
receptor t hat det erfMipesett haiHowR@2p) strhey a
considered as a high tropism delivery system
no-di vi nd Daelilss ett. d&lhes2024 )y uses are deemed s

i mmunoreactivity, and though viral DNA integ
rare, and their exp(rZeasissiso na nsdt aMusr uevpei s200n®abl; N
Moreover, when it does integrate, It is most

of the human genome and does not (farbatennhoanny

al . 202RP)Y)hough their expression is mostly e
Patients with Leber's congenital amaur osi s,
i mprovements even four years after I njectic
effecti vheinse sasp poMagtohr e et al . 2019)

Il n the context of repeat disorders and Cas9,
SgRNA into the stridtyam et .alT-hD 20 i2ag)pmoodaecl h e d
to replace the expandeedx p@GAG@ edr datacwi.t H nd | a
monitored by measuring |l evels of 3 cyokines:
alpha and -6.ntRed wlutks nshowed thharadl|lthdesam

expressiuonrangacemg suggesndatng ndAMse dindy i nfl a

Il n a more recent study, AAV packaged with th
the brain of an HB ®msmg@G3Marmddel ewilTtal s @2@0@Rr49 a
ai medcomndtiren previ ous r esul t&GF Po bctealiln endo dienl tshhe
repeat contraction when Cas9 D10A lwa&ndsed i
5Smontphesinf ectcontraction ofwatshet iCre@bil ep ena ttdl
detect-ear goeftf ef fects, i ndicating the safety
confitrmeodnt raction of repeats with Cas D10A
novel therapeutic approach to potentially cu
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The primary | iim8hHaitri omarodgo AANVEBe, as they are
up to 5 kb of ssDNA. This capacity is insuf
along with all necessary expression componen
must be packaged sefpfairaitencogy a<sedauelilngg need t

twice: once with the AAV containing Cas9 and

This section highlights AAV's robust and saf

treating CAG/ CTG repeat di sorder s. However,
chall enge for Sp Cas9. To address this, mo d i
util mai hgrsCas9 orthologues such as Sa Cas?9

both demonstratiing eRdecet vael ed2 Q@ 1 % ;¢ okvienv eert,
these smaller Cas9 variants cannot target C/
recognise them as PAM sequences. Modifying S
repeats as PAM sequences could significant/|

d sorders caused by these expansi ons.
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\ By /
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Figar.® I nfectionAAWs | ®eorftoai m ARNnAs ctrhialted si nt o RNA
transl ated into new viral psohtebes hoThi genbmes
remataisnl y ePphisoomfailgure was adapted from Biorend
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l1.Mdol ecul ar model |l ing

Many strategies for modifying Cas9 have tra
empl oyi-mggseckldssays or | everaging sequence i
An alternative avenue is the utilisation of

cr eatiinmg saielpirccosent ati on of the target componce

insights. Mol ecular modelling encompasses CO
mol ecul ar structures. This virtual syditeem mi
actual system and, upon its establishment, (
predict ihfteaakt PO6B&E)enabl es the examinati on
hydrogen bonding patterns, dynamic flexibild@i
These interactions may involve the compone
constituent at oms (i . e. a protein), or t he

component for the examination of their mutua

approaclhes®ntalbe study of wvarious aspects, S U
mut ation on a specific protein, determining
a |ligand, or understanding the behaviour of

1. 6Moll ecul ar dynamic simulation

This method imitates the movement and intera
(Holl'ingsworth .anMolRrcawr a0 d8&)hami cs ( MD) S
researchers to investigate the dynamic behayv
t heir moti on, conformati onal changes, and i

process of MD simul atpisbifgdim® ol Toe bdavéecal detr

an MD simulation is straightforward. I ndi vi
each atom by all others by knowing the posit
system. Consequently, Newtonoos floarwesc aosft mohtei o

|l ocation of eack gadtrddn. oSeecitfiimeallly, the sim

through time by iteratively calculating forc
their position and velocity accordingly. U
di mensi onal trajectonrgy,t Ha katveamhincavr angementc

system at each juncture during the simulated
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PDB format of the needed system

v

Addition of a force field

v

Creation of a box

v

Neutralisation of the system

v

Energy minimization

v

Pre-run

v

Run the simulation

v

Extraction of the data

Figdr.® Overview of

t ferent s tTehpes fiinr sat nsotl e
aim to create the ne

h di f
e d environment to run the

e
de

Force = mass x acceleration

Fi gur.Bs Newton's seconitdi $ awqoédt moriios used i n m
simul apiedi ¢o the motion of atoms and mol ecul es.

The initial phase involves system preparatio
provided in a Protein Data Bank -d(iPteB)s ifoinlad
structur al dat a of-f aromheaetctud e spr d'thei nPDiBs t hen

spci fied environment usi ng GROMACS ( GROnNni
Simulations), one of the most commonly empl
GROMACS, besagropeand freely accessible, off
and undergoes negwlnsrurwepddtsessontinued rel ev.
(Abraham et al . 2015)
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n silacborce field i s i mpl emented onto th

parameters for simulation and dictating the
energy contingent upon atom positions. These
par ameatnedr 2 quations regulating interatomic ir
angl es, tor sibomdedanodroes | i ke van der Wa .
interactions. Through delineating these 1inte
software tdhecosmputeen' s potenti al energy at ez:
precise modelling of molecular dynamics and

Over the ye&doscewmebbdgkeel oped with 3 of th
useodnetsoday, Optimized Potentials for Liquid
HARvard Macromol ecul ar MeAcshsa nibcdsdBu(i CHARMM)wi & |
EnerRBeyf i nement. ( WNMBERf bhesé&ir 8l denstantly upd:
i mproved, the AMBBR nf oursceedf ifeolrd pr ot ei n and nt

making it | déd@RI $BBRs8eqfDachyn et . al . 2003)

The system is then enclosed in a box, defin
often waterMacirsomatd@eddt¢teison and interact Wi
environment in |iving organi sms. By adding w
t o mi mi c t he physi ol ogical conditions mo r

environment for the biomolecular system unde

To counterbal ance t he system's charge, pos
depending on its overal/l charge. Neutralisat
si mul @ltbhbroamgi mova andCWadged9®m8)ecul es can at:

ot her due to electrostatic forces. Counter i
i mportant information by focusing solely on
Subsequently, an energy minimisation process
the system to reac-anear gyt adod ref i ggrnud at bwn, en
equil i brated MDsatneuldauriionng. t he

A pren step follows, allowing the system to
bal ance. Finally, the MD simulation S con

fluctuatiothgbialnidt v+ hef t he protein can be ext
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Mul ti ple data | ike Root mean square deviati
simul ati on.r efphreesskeendmé asur e of the average di
atoms between a reference structure and the
before the simulation and after the simul at.i
of the complex .cahndodeed,sta matgehd RMSD means
moved a | ot during the simulation while a | o

much andched meatable conformation.

Root means sqguare fluctuations ( RMSF) can
simul ation.anTandyssee datwat uat iownt loifn etalcen syst en
atom hfalsudt@atdi on,n iat protlnoawn that some don
hi gher fluctuation than others which can pr
protein, for exampl e, it was described that
doma(ivamada et. al. 2017)

The number of hydrogen bonds can allseatbee ext
can provide insight into the binding force o

1.6l.n2 silico st «dAhisds of CRI SPR

Crystal struct €frne® ofystCRMSPRave been devel
i nt er ahcatvibeceer® anahys@Nii<chi masu et al . 201 4;

2015; Yamada et al. .Z0¢&8%p StuomdeesahaveOodbs}c
information on the interaction of the diff
i mportance and role of specific amino acids
Cas9 protein (Bngdi..s sgRNA
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Figdr.® Residues ofi ntheer &Scat ismgdgR Nwh rt htTehihre BargCae 9do
not show interaction for the stem | Ad@mp2 eas fitrhims
( Ni shimasu.et al. 2015)

MD simul at iberesn leaxtensi vely used to under st
mechani sms by whi ch -sCtars&@®n ccd e al¥A i adnbde bTehestsieo n s
studies have shown that the HNH domata of C
reposition for effect(i9VahaDNAt chkiavyadfgeadyeaps d
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facilitated by an initidlargetedacttiramdbatnwe
domain, which enables the docking of the HNH

Further simulations were conductedhegRNAXPI o1
These simulations, performed both in the pre
that the presence of the sgRNA triggers a si
particularly in the REC dom@a$ahateet avola.ecmnd®2 2

anal yhwsaevse shown that in the presence of the
RMSF significantthepsleower of ( édMmenigs qaRNMAT hails. 20 -
suggests that when the sgRNA has fit inside

of the protein.

Il n addition to these findings, the critical
bri dgewase | hkgh(lBrgahttoevd | et These 2109)dues si

influence the binding of the sgRNA and the
Specifically, residues R63,-l B6pf anpdd R®OMOEIl p
mi smatches, which can reduce Cas906s specifi
role in how Cas9 responds to mismatches at
Il nterestingly, when R63 and Q768 were mutat
mi smatches increased across various swstems,

celThsi.s all owed atstpecdrfeat iCars 9ofvari ant .

MD si muhadlivmen empl oyedCan9 CtRd SIPRM eagtgiedg st e
and PAM sequent¢tRBRicecoghi alon2019p Codbkerastaet
the mechaniamgetts,of MD si mul ati ons were perf

var ipooussi toifondhe sgRNA sequence. The results s
position 17 cause an ex-DBAdbkbdbopéeniabl owi nhde
of the HNH domain to | ock the domain in an
However, mi fmesti dli8pstsat20 do not cause this |

HNH domain to remain actiimpdtileastd it mprcavi rDgN At
statdaeicied by the L2 | dap gedwsl.d prevent off

Finaln ysddveloopment of Sa Cas9 variants has |
point mut aMOsoinnsu ltatemns i n combination with
were performed to estimate t hel Leudaint ientg aelf.f i2c

A successful establi shment of a direct COrre
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and editing efficiency in cells confirmed t|
novel GCRASPRsystems through a computational
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1. Ai ms dfhetshes

The Sp Cas9 has shown relevant results for g
has been shown to contract CAG/ CTG repeats w

the repeat tract directly (sgCTG). This sho
CAG/ CM&peatsorders | i ke HD. However, the Sp (
its sgRNA into one single AAV. To use it, th
and the sgRNA in a separate one. This drast.i
some wellsbe infected by the AAV containing
AAV containing the sgRNA. l ncreasing the qua
but | arge quantities of AAVs can induce i mmu
To overcome this issue, t:his thesis has two

1. To develop Cas9 hybrids wusing the advant .
proteins would be small enough to be pack
be able to target CAG/ CTG repeats.

2.The second approach i s t o st udguinewl y
endonucl eases whi ch coul d target CAG/ CT

alternative to Sp Cas?9.
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Chapter 2: Materi al an

2. QELL CULTURE

2. 1Cell | |l i nes and growth conditions

HEK288rived GFRMUCAGHP{o@Ad)l s were a gift fr

Wil §68antill an.Tehesal .ce20lsdnanstcde pd mdderiPt

reporter which is present as a single copy.
mi giene interfere with splicing. GFP intensi:
t he CAG repeat traagnivelnr almg crai pdoixaydyacs b Ine
promoTflee .cells were maintained Datt b8¢AG0 i Mb

Eaglebs Medium (DMEM) supplemented with 10%
FBS) , 5% -Pemegtit ¢ myoain (PS) ed/TrhlerBlod $ siheirdi n |
(Fi sher -BS21 22083 0G)ieganndl 1HyO0gr o my c i n -1B0 4(5T3h%8 2mo.f i

2. 1Tr2y psi ni sation and cell counting

Cel |l s wer e detached from tissue cul ture

Et hyl enedi amianceifdeD TAR)acand cphenol red ¢ Ther mc
25300054) . For a 10 cm plate, medi a was r ema
Phosphate Buffetedr 8ambiveeatmB8l)] 2cenLofwdBEB 3 y p s
added to detach cells. Cells waddi8ngnulatee dh
culture media to inactivate trypsin. Cell s v
(Fisher -SC7T2ht7%f) cand i f waetakear yoracedmplce®
mL of cellwapbsperdiomn a 10 cm cAelldmRBAHNONr e
supplemented with 8 mL of medi a.

Cells were counted usi-2g0 th€@h d&Nmacme Lo )d red rdd8 NN
(Chem@®tdd€&®03). BalLi ef |l gl 26 were takeao bBndahki x
cl umgpnsd ell1 of Acrydine -©ir amigdp hreoand | 4 & D&AIPé ) ( AO
staining r2@pg&ntwgoLl@ddded and incubated for
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2. 1Fr3eezing and thawing cell s

Around®cled1® were centrifuged f owassmdar eaftul 2
removaemd t he cwalsl rpeesluseptended in freezing m
contai niFB@®I1DHY Di nBulhfydxi denL of <cell s was d
cryovi al s7 2.S3a80s.t0d0d2t0 d eaml-800AC using a Cool Cel
vial containerd4 3Z006M)e.r ASfctieernt2idf ch, cel |l s wer e

fdroftgrcmmnservati on.

Cells were thawed in a water bath atte I8¢ AC.
cells and they were cefitThe€umerda mmoovwend, mit h e at
cells were resuspended in 10mL of growth med

2. QRI SPR/ Cas9nhwybtirads

2. 2Pllasmid transformati on, producti on

Pl asmids were tr-Ahphanmnmetdlhery BH=® routinely
and efficient enough 5t00 ntgr arf s \ipe rags myg hda wCiohiAd e d
80Leof -ADWH a for 30 min on ice. The cell s wer
in a water bath and putlL bafewkpmroae di o e3 7fAcr) 2 ymic
Broth (LB) media (THr7@® 0Bi29 h avre rt®it ea eaddelidf sa emde
incubated for 1 h at 37AC in an Innova S44i
celwesr e i noculated on a selective2780 0a0gRadr) (
pl ate contegi himg DO0 aA@S5ABNI iamd( $SWEubated u

overnight at 37AC in a Heratherm bacteria i
single ol wpnygykevd and inoculated in 5 mL of L
eg/ mL of ampicillin and incubated at 37AC wi

stock of bacteria wak oladleadbdbtye dii & eic¢ wdnfig usS0ERB i n
glycer &Gl7373LStnaae80OAC. Pl asmid DNA was extr a
Geneldet Pl as mi d mi ni prep and according to

( Ther moeKO 50h3e)r. DNA was &eluted in water and

(Denov-Likx) DS
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Pl asmi d i
5 Le of
eM)a nd
fi

nser
sent t o

|l es and the

2. 2Pl12as mi d

The
Ogeul scB was
37AC. The
2.3.3The

13193102)

extraction

pl asmid

DNA
and
ki

c |

t s

wetrhéeangleird steg@d elmyec i ngyi s@gr vi ce
templ at 80 BN4gWat e 3Mi xledofwi damproopri at e

Genewi zs dgpuefrscdep s e weirreg.exTheaeact

sequence

pHS0812,
di gested
DNA was

vi sual

di gested

was
t he

oni

ng of

ayv

di gested

wa s

for

anal ysed usi CL

ng

Ogeul scB scaffol

ail abl e addgene,
l1h witiROBBSIS)emzy

separated
ng
pl asmid

on

on an
-Uuv tr

wa s

i zed usi a

cut

t ( TheGampl )Fiwvweheru Sed end i Extrac

di geDINAd from the agarose. T4 DNAOOLSarsandT
pri mers were used to insert t h e ft shgeR NsAg RNoAr g ¢
scaffold with theabf2eRl owi ng protoco
Reagent (St og 1X reae€lt)i on
T4 DNA | igase | 2
Di gest e(d5 OBV 1
Pri mereM)l (10 1
Pri mereM2 (10 1
T4 DNA | igas 1
Nucl efarseee wat € Up 20
Tab2.e2 DNA | igati on ulshengc oldc eDriNtdradytaigarsi &dofé u me
used are indicated.
The new DNA Iigation product was transfor med
i hheect2i.o2n 1
The primers used to insert the different sgR
Pri nseerquenkempendi Kor each sgRNA, the sequenc

Genewi z servi
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2. 2T.r3ansi ent Transfection

On day UceldxsiOower e sweldledpli at em. €l240 fhM@ pattie r

were mixed Winhl 1o0f pkElasafi-dE@MtNIAo nt5hdiehi mfy 1. E
Li pofectamine 200 hwkr@p taochdead ni ng DNA previo
and the reaction was incubated for 15%0fin at
eLofreactaearmamddwed directly ont of rtehee mreedisas mda n
antibiotics can inhibit trAfntsefrec@ilon t{met me
removedepalnadeiedh 1mL of media @omt asiurpipd g¢ mamitt i
witéeg/ImL of Dox. The efficiency of transfect.i
sample with a plasmid encoding for Blue Fluo
blue weesnasl ysed 24 h after transfection usi |

Fi sher Scientific).

2. 2GHP i ntensity analysis

Cell s were harvested i(/absedceticoln Biend wmgreavirod slg
200 rcf for 5 min.r efnhoevaesdd, pehe@atwakwb sweld| et t h
PB$0o remove any fThaceebt sFB8re centrifuged &
and the PBS was removed. The cell pell ets we
EDTA ( &EH6g/ma8) and passed through al@c®838G1I)y ai
to remove any cl ump. wlahse mzFRP uirretde nussii ng t he
cytometer with the&Cfo80;0wWSH@: s3etd;i nBlsL: F250.

FCS files were analysed using the software F
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2. BNA ANALYSI S

2. 3DNNA extraction and quantificati on

Genomic DNA was extracted wusing ShkheeMNuicl ieo !
11982262) . DNA was eluted in water and quant
11) .

2. 3P02l ymerase Chain Reaction (PCR)

Pol ymerase Chain Reaction (PCR) was wused to
including areas of the genome wi4h3amab8Btonc
verify the number ofoarnadp e@RP(cCANd)GFP(€&AG) 100
DNA was used per reactlTiabdf eldwed et haed dreedaagent s i

Reagent (Stoc 1x reaeglt)i on (
Mango Buffer 10
dNTHsSL0O0 nm) 1
Forward PreMiner 1
Reverse PreMier 1
MgCl 2 1
DMS O 1.5
Mant o Taq pol yn 1
DNA 100eLng/ 1
Nucl efarseee wat er up 5t0o

Tab?2 eBReagents and vol uneref croncleamd siad i B@R of rea.
volume used .are indicated

The reactions were <cycled using Mastercycl
verification of CAG repedaabewgetrhe, utsheed ,h c of nc
amplifying regions with aTad2 gBwmeerde DuSB,d .t he
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Temperat ur Ti me Cycl es
95AC 50 -
95AC 3066 35
62AC 3066 35
72AC 1630 35
72AC 106 -
10AC Hol d -

TabPeX PCR program conditions .Tthoirs atnapbllief yii mdyi cG
temperature and the time for each step.

Temperat ur Ti me Cycl es
95AC 50 -
95AC 3066 35
55AC 30066 35
72AC 16 35
72AC 106 -
10AC Hol d -

Tab2e83 PCR programthemplifwpinsg fgeeergd men wift h a t ar
DSB his tabl e tienndpiecraatteusr et haend t he ti me f or each s

2. 3Gedl El ectrophoresi s

PCR product s wer e resol ved us iBrPdl 3 \agglad M)s e
TrhAsetZzaDTeA gel el ecdlLr/omih e g EREEN -763V2W0R6 0) was

addéadr 100mL aagnadr 02s0e cgre lgel s were run at 11(
products were visualised usi BPOX8yoggknddcumen

2. 3TA Endonucl ease | assay
Annealing of PCR products was performed by ¢
2 Le of 10X NEBuffer 2 -BEMNEeOW SEngdmnnd da ddiodea brsu c

water to a figLal Thel vmacafi o2& were anneal ed
t he coomsdTiatm2 .e43
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Temper at ur Ramp rate T1I me
95AC - 50
95 A8 AC 2AC/ secon
85 A25 AC 0. 1AC/ sec
10AC - Hol d
Tab2e8 Conditi for afdhéalbilreg i MAR cmrt ®du dthse

ramp

After

added to every

6 8

rate and

anmncealoif ngr,7

i me for each

Endonucl ease

vi suali sed

step.

41 MO(3NDe2ws ) E nwgal sa n
added

a8 g2c.p3r.e3mi ou s

glLe aocft i muha lewha shea 't 4 r

negati vePrcoochuatod .wer e




2. AROTEI N I DENTI FI CATI ON

2. 4Prlot ei n extracti on

Proteins were extracted wusing comReRZBal R
Briefpg) weelel resuspehdeti RhPAOBuffer and agi
at 4AC. The samples were centrifuged at 13,0
was transferred to a new chilled tube and Kk
using thei Palomrieniba caci d &k BEOA)e rmroo tFd isr ea s sSacy
23225). A standard curve was prepared by dil
9 e@erffthhancentrangong fromg/OmLt.o A20M0O ki ng r ea.
prepared by mixing 50 parts of BCA ¢leaogfent
standards and sampl emselwWesr e | aadldeea ntdwo2akd96g r e
were added tToh ee ascahmpweelsl .wer e previously dilu
ensure their concentrati on Saoaunldda rfdist ainrd tshaen
absorbancewaaspel ysrmed in duplicate. The pl
wrapped in foior a3n0d minpcruabtaet8e?dd @ fTrhoem al bisgohrtb a n
was measured using a microplate reader (BMG
nm. A standard curve was determined from t

samples concentration was calculated using t

2. 4We2st ern Blotting

To perform western blotting, 1X of Iithium d
Sci ert3i2f7i6cd 99) wasegadodedprtodd eZ2n. The sampl es
mi n at 70AC and-l1ke&adBdds omia 4gel ( Ther mo

NWO04120BleX)pr oweriremsseparated atinl@&ab5 1K fBad t 35
SDS running buffer (-BOOrOMIIFh es gmvweortBecitne mnisf iec r
onto a nitrocel | tRlaals6e2 Omedntb)r aarte i1(0B i&6GI ¥ c T hies

buf.f efhe membrédhecwad for 1h in PBS suppl eme
(MerPclkB379) and 5% Onlide&) (tMeerc ki ncubate-il ager ni
anti bodyF1(804)maor actinA@haidpodly 4ACgmaAhe m
were washed 3 ti mesTwle®dl hbBhdmithei meeB8&8dary I

performed for 1 h at room t empmeawmdeara&ntiinb oadn
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(I'nviAP@ag&B). The membranes were washed agai
T. The blot was i maged using Licor Odyssey C
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2. Mol ecul ar Dynamics simulations

2. 5l.nl smd d eclos

The crystal structuMBPssi melgameirend otd airnuend f

https:/ / www.Mamnyb samra/ctures are freely avail a

met hods to obtain the structure or resolutio
DOl . SEoeptococcCCaspyogbdeestructure (PDB I D: 4
its sSgRNA and targ®AYDNAf wascwisen . wXs used
complex at a resolution of 2.50 | with a to
structSutraep hoyfl ococ,cutsheaugterusct ure (PDB | D: 5CZ
SgRNA and target -BAX Wwastf musetdionK was wused

complex at a resolution of 2.60 j with a tot
| acking the fsttehme |sogoRPN@&A ma-ylro btahces £€r ugteguen,i t
structure (PDB I D:5X2G) in compl ex wMIAtYh s gR|
di ffraction was used to crystallize this col
counatom$g§ 8967. This structure was | acking

protein. The HNH domain was replaced by a GC

2. 5l.n2 smddecloifngCas9 hybrids

The software Mol ecul ar Operating Environment
hybrids. To create a SaSp Cas9, the Cas9 str
same window. Th&#8369pAR) Dw@§ad1RE6pt while the re

removedhet Isean Pl D was removed while the rest
910AA). The Sp PIlID-twasnimhasedfta hehe&saNCas9 c
Cas?9. To create a CjSp Cas9, the Cas9 stru

same window. The whp IRl O hwea sr ekseeptof t he prote
t he Cj PI'D was removed whil e -8h&AA)estTlhd She
was fusedt earomitrhael Nof Cj Cas9 creating the Cj
mutati on, a D10A mut atanodn DvalAs frnoard eCjfSopr uSsai Spg
editing function on MOE.
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2. 5l.n3 smddectpif sgRNA hybrids

The sgRNA hybrids were made by inducing dir
Sp, Sa or Cj complex. An energy minimisation
to avoid clashes between the sgRNAOnNhcyeb rtihdes a
Cas9 protein hybrid and the sgRNA hybrid we

saved as a PDB file to run MD simul ations.

2. bBPrdepar ation of Mol ecular dynamic si

The preparation steps were performed wusing
system and PuUuTTY was used to access [ T
GROMACS was | oaded first tTdh e p rMDp asriemutl kad i ® n
performed using the preVa omursd ppargee ntelreat MR sPiDB
struantushtee set wup in specific condidgdtoalsl ifah s
the rules governing how the atoms of the who
AMBERO3 was used stt@abkeeathei tbFmerctef nekeded.a
constantly i mproved, and this one is parti.i

containing protein and nucleicwacid condoinbi

the compl eeRNRranewdadsNeAt i n a box which was at
from eadihe sha»x was then filled with TIP3 wat
realistic environment. The system was-then

ions depending on the ovseeamtlilalc hbaercgaeu s eT hwes e
particle mesh Ewald ( PMEr)amgped heolde cdtor ocsatl actuil ca t
which necessitates maihtli aginmowehaage AWader
energy minimisation was run with a maxi mum ¢
barrier of 1000 kJ/ mol / nm. This step is ess
at oms and find the mo st stable conformatio
correspanldo d al mini mum energy cohlierdiatiemner
Steps anda rtdheesicrrh adieodw
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Set up commands

gmx_mpi pdb2gmx -f “filename” -> To set up a forcefield

gmx_mpi editconf -f conf.gro -o conf.gro -bt cubic -c -d .9 -> To set up a box

gmx_mpi solvate -cp conf.gro -o solv.gro -cs spc2l6.gro -p topol.top -> To add solvent

gmx_mpi grompp -f em.mdp -¢ solv.gro -o ion.tpr -p topol.top -maxwarn 3 -r solv.gro -> Preparation step
gmx_mpi genion -s ion.tpr -o ion.gro -p topol.top -np -> To neutralise the charge

Energy minimization

gmx_mpi grompp -f em.mdp -c ion.gro -p topol.top -o em.tpr -maxwarn 5 -r ion.gro
gmx_mpi mdrun -s em.tpr -c em.gro -o em.trr -e em.edr -g em.log -v

Figer.®BLi st of commaodsthseedetoup and the ener gy
GROMACS.

2. BMol ecul ar dynamics simul ati on

During the MDheitmurhmdri athur e was-restahte 80Kl i
met hod is used to maintain this temperature
Berendsen barostat was used to regul ate anc
simulation was componeeps ofprootdaifrf,erRMA, DNA,
The MD simul ation was) arswlr afj cefrcitlaersdy owerl e orha d e
t hem. From these trajectory files, dat a was
interactriyorMD. skEwvwail ati on was run ugiAimg aGROMAC
et al .anad0luss)ing the supercomputing facilitie
t he Advanced Research Computing at Cardi ff

Pre run

gmx_mpi grompp -f pr.mdp -c¢ em.gro -p topol.top -o pr.tpr -maxwarn 5 -r em.gro
gmx_mpi mdrun -s pr.tpr -c pr.gro -o pr.trr -e pr.edr -g pr.log -v

MD simulation

gmx grompp -f md.mdp -c npt.gro -p topol.top -o md.tpr -maxwarn 5
gmx mdrun -s md.tpr -c md.gro -o md.trr -e md.edr -g md.log -v

Figaer.®Li st of <c¢commamrAdusn uasnedd rtuon pirhee mol ecul ar dy|

2. 5Steability of the compl ex

The stability of thewdriréferediedRPRMPIRSMSESa entaid
and HB. Each of bDhbeée e GROMPAIBS®do |l €, the traje
first compressed, and water mol ecul es remov

facilitate access to it and smahd eRMS3D cauimead
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an overall view of the stability of a compl e
di stance for a group of atoms between a r e

structure.,iltn wtihis gcatethe average distance
and after the MD simulati on. For every traje
extract the RMSD at 10 ps intervals. An ave

only the wval ueds 1b0eOt wiese,n tlhOe afni r svar-un® oms t aree

systeadt di scarded for all downstream analysis
every atoms of a system. It relates to the
time of the MD simulation. The RMSF was ext
hydr ogencabnongdisve insight of how strong diffe
the stabil i(tBacoef eat Fdyls.t edrinb4) r o @ e nb ebtownedesn

pr otReNiAn p-DblAeandDRANAwer e extracted using t he
The following commands were used to compress

Compress trajectories
gmx trjconv -f md.trr -0 md.xtc -pbc nojump -fit translation -s md.tpr

gmx trjconv -f pr.gro -o no-water.gro -pbc nojump -fit translation -s md.tpr

RMSD over time

gmx_mpi rms -f md.xtc -s no-water.gro

RMSF per residue

gmx_mpi rmsf -f md.xtc -s no-water.gro -res

Total hydrogen bonds

gmx_mpi hbond -s md.tpr -f md.xtc

Figear.® List of commands used to extract the RMS]|

2. 5Bi7ndi ng ener gy

The MMPBSA method was used to precisely dete
base of the sgRNA hybr AGROMACSheée npegtratedhy

devel oped to perform these calculations34. T
were found on: https://rashmi kumari .github.
calculations of potenti al e reenregyg yi, n-pa@lda/ ran © i u
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solvation energy. The binding energy

hungry than other meom»umi ng.e mBhd nse du ane

burden and make the analysis possible,

Wi

Si mul asmeiroensextract ed and used t o cal cul

SgRNA and the protein.

Binding energy calculation
chmod u+x g_mmpbsa -> Allows you to run g_MMPBSA commands

./g_mmpbsa -f md.xtc -s md.tpr -n md.ndx -i ./pbsa.mdp -pdie 2 -pbsa -decomp

Extract binding energy data
module load python -> Allows you to run python commands

python3 MmPbSaStat.py -m energy_MM.xvg -p polar.xvg -a apolar.xvg

Figer®Li st of commands wused to calcul ate
energy for each residue.
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Chapter 3: Il n silico dev
CRI SPR/ Cas9 system

3. Introducti on

Since 2012, t he CRISPR/ Cas9 system has been
most studiedS.Casyo,hefrsrecayl so been widely modif

variants of this protein are availabl e. Son
targets foegoenegqe&Klietisnsdafvetry et al . 2016; ¢
Casi ni et al . 2018; Lee et.ladee@018 mpKavics

specificity of the Sp Cas9 could make it a
variants were made to change t(hHHu RAM aplr.ef2d

Ni shi masu et al. 201Blbhe Sl Can9ePAMI hag20l2&ddn
NGG but can &dMepiba HAGal. 200RedUsbangethall
of its PAM would enhance its wusability and c
means more PAM sites available for edsting.

in the genome are particularly difficult to
boost the fICasPbblyi expahdBEpg the range of | o

Di fferent ways of developing the Cas9 varian

speci fmaot ppdamnksnown resi dues which play a ro

or Cas9 and DNKIennetagoeroet al. 2016; Sl ayr
al . 2017; Ni shi masu et a.lOt h20k8levikdloped8r vat
performing random mutation andscsreelegncitnege ss h e i
(Casini et al. 2018; Hu et al. 2018; Lee et

However, one of the major issues with the Sp
si ze. The protein itseldf i's about 1368 amin
SgRNA i ndAAde BHA¥s are one of the best delive
they display | ow i mmunoreactivity, have a wi

integrate easily wiWahng e¢theahos2O0Obenomagger
Nonet hel ess, to aethieyve tamg gelmldieicthesit wheé hc
AAVs: one expressing the Cas9 amdr ehehabhhewi

the amount of viruses must be administered i
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cells. While increasing the quantity of AAV
in higher costs and an elevated risk of tri:q
small er Cas9 orthologs can be substituted f ¢
and Cj, have demonstrated potent ediitmng ce
vivRan et al. 2015; Ki m eHowelv.er20 1t7h;e iTra nP AeM s
recognition is |less versatile, with Sa Cas?9
and Cj Cas9 recognhNiss migmaSNINNRtYA&! . .20Tbei rKi n
specific PAM sequences | imit their applicabi
certain DNA regions. Thus, i n some circumst a
Cas?9, and other orthologues wil!/| notas@e app
have been devel oped, none of t hem Miisneidmasou r
et al 2014; Zmhoaot heits adat e,02t3h)er e has been n
devel oping a smaller Cas9.

3.Rims of the chapter

This chapter aimed to develop compnacstdiyOGRloSPI
substituDiohgStahanBl Cj Cas9 with the PID fro
create Cas9 hybrids that retained the PAM se
fit into a single AAV t oRiegdreld . wi wdh ya@narsigdRsN A
were made by swapping the PID of Cj and Sa C
of Sa by Spbébs PID created the SaSp with a fir
PAM to be NGG/ NAG. Replacing the PID af Cj |
final size of 1097 amino acid and a predicte
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Ruvcl BH RuvClI PAM

REC lobe HNH RuvClIiI g =iv] NGG/NAG
60 94 718 775 909 1099 1368

w
I

Ruvcl BH RuvCIl  RuyClll

Sa REC lobe HNH W=s] PID NNGRRT

I1

41 74 426 480629 775 910 1053
BH WED
RuI\rCEL RuvClI RU\.:CIIIH
Cj REC lobe HNH PID NNNNRYAC

45 77 427 481641778 828984

BH
Ru‘v(/:I_, RuvCll RuvClIl

SaSp REC lobe HNH Wi=s] PID NGG/INAG

41 74 426 480629 775 910 179
BH WED
Ruva/L RuvCll RU\.:CIII/ ‘
CjSp REC lobe HNH PID NGG/NAG

45 77 427 481641778 828 1097

FigB8r2 Domain organisation of the Sp, Sa and Cj
For each Cas?9, their size and expected PAM is in

|t i s known that the sgRNA interacts exter
pro(@&ishimasu ,entakalng 2@t#4h) Cas9 orthologue [/
specific and wunique; a SgRNA from one spec
orthol ogue, unless they are closely related
Sp Cas9 can facilitatwi tehdad tsi gnRNAQESED hf anber
et al ..120kdb)ntrast, Cj Cas?9 i s unabl e to i

consequently, cannot i(nFiotnifaatrea aeny aDNA 2c0lleda)v a

Hence, |l had to design sdoBeNAebybwvedsnteranove
my hybrid Cas9 protein AMd devetopamgliRiNehdo n
intemagicth the B8aSph€acg€pPSlp sCaassPped t he cr RNA ¢
sequemee wee8Spthard the & tsW&RNBp an@i Gur e gRN
3.2 .

The Sp sgRNA contains 3 stem | ooByswawhpiilneg t h
these st,em |lwapsabl e t os gdRdmMe rhaytbe i Wdasr. i dMbs e o v
stem | oops to different SsgRNAs also hel ped
interaction ®pebi théalGlays MSam andolL8dshednf fe
number of stem | oops they contain.
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A further two sgRNAs containing Cj and Sp sg
devel oped and associ atFeidgOniZx h The Cjj SPgRNALt®E
a triple helix with its 3 (srytaemadlaocepg.s allme erOal

presumption was that i f one of the stem | oc
interaction between them, thereby influencin
SgRNA.

Frodo Sam Gollum

— — o —

Medium Sam Large Sam Bilbo

D —

— 1 — -

Merry Pippin Rosy
E E d >
Sp sgRNA sequence Target

M Sa sgRNA sequence M Tetraloop
B Cj sgRNA sequence M Linker

Fi gu3r.& Schematic representation .70fs gtRINeA s s gveN A
devel oped usismgRNAp semdieiaces whi l e 2 sgRNAs wer e
Cj sequences.

Recentl vy, various Sa Cas9 variants have bec¢
model, | itanngd t he strength of t heir bi omol ecul
directly correlated wit h( Ltuhaeni re te dahle.r e2f001e9%)f i
opted {ior sapprcowmach to create and investigat
interaction with hybriidn ssgRiAmac Emplf éeirsg aa
understanding of t he i nteractions within a
bet ween the protein and sgRNA, and enabl es n

SgRNA compl ex MD$i mer &bramedwi th various syste
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Cj) Sp + Rosy) and the extracted dabtsa mue rae iuosne
i's a computational tedblemiayamdiusrtiet actsitoany
and mol ecules over ti me. Moreover, I det er mi
Cas?9 protein and the different sg®PBSAhybr

approdabhs approach was wused to calculate tf
protein and sgRNA hybrids providing insights

protein and i$smegRNA. fdbilitates the asses
strength between a |igand andepacakcepabdbromnh
The first step involves determining the pot

computation of nt heen eproglya ra-msnld lavhaetsimdo \n aFtiigounr ee n e 1
3.3 . By combining these three calcul ations,
computed and extracted, of fering a comprehel
bet ween the Cas9 protein and its sgRNA. Thi s

woul d be Ititkkeelpostto work in cell

AG Solv,Bind = A GVac, Bind + AG Solv,Complex - ( AG Solv,Receptor + AG Soly, Ligand)

AG Soly, AG Soly, AG Soly,
Ligand

Fi g@Br.& Principle behind bidtiend| eeerbpwesalrewplra
system in water whereas the white boxes are in v
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3.RBesul ts
3. 3Bilophysical properties of SaSp Cas?9

The Frodo sgRNA tested is an assbrcga@t®Bon of
|l t6s composed of the c¢crRNA of the Sa sgRNA a

Frodo

—
Sp sgRNA sequence Target
Ml Sa sgRNA sequence M Tetraloop

m Linker

Figdr.®8 Cartoon description of the Frodo sg

The RM&B obtained from the molecular dynamic
and RNA. This metric serves as a meaguwrms of
bet ween a reference structure and the result
bet ween the initial structure and the struct

were extracted individually for the protein,

The protein RMSD of SaSp HFrroodoce irnemm crd \ecelr nmbgien aot
6. g and was significantl ¥i diBf.8er-weRltuda hah. G hel
al | of whicdhQweTle bRNAWRMSD of Frodo was al sc
t han the WTs reachi@Gnwhialne atvlee aWyes ower8g al | I
Fig@r®a, -vRhRl ue <0.0001). The DNA RMSD of SaSp
was showing .aj armd ueafsi3gni ficantl yFidiufrfeer e
3.Z, vRlue <0.0001). The SaWT also showed hi ¢
reaching an. §wer dege S WT3 and Cj) WTj aedljati on

respectivel y.

Overhélhybrid system displayed higher RMSD t
of its system. This is indicating that the h

their initial position more than in a WT sy

stabar tthe WTs.

81



Secondl vy, the number of hydrogen bonds was ¢

simul ati on. A | ower number of hydrogen bon.
strength. To confirm this, | examined -the nu
RNA, p-DOAa@ind FDNNAA i n my hybrids, comparin
correspondingWlval ues in the

The number of hydrogenRNMANwWas bleitgvleem fpomotehe
123 bonds made while the SaWT had 1POgboeds
3.2D) . The CjWT had a | ower number of bonds
made a tot al of 42 connections FhiegtBregEN. t he
The SaWT made 32 bonds while CjWT had 37. I
value than the other WTs with 17 bonds. Fil
bet weenDNRANAshowed cl ose values FoiegtlBueBE N . ever
Il ndeed, Frodo made 53 bonds while the SaWT,
respectively. Il n summary, the hybrid system
corresponded to the number of hydrogen bond
i ndi cattihneg htyhbati d system, even i f devioatm ng I

the same amount of bonds in his system.

The RMSF provides the fluctuation value for
insights into the flexibility of a domain an
to extract the RMSF for every component of
reeptwWve The rationale behind this is that a
in the hybrid, compared to the WTs, coul d s
experienced a change in its interaction | eve
aoms. The RMSF of both the protein and the s
of the SaSp was compared to the SaWT sequenc
(the PI D) was compared to the SpWT PID.

The RMSF ofCda$h® HSalBpodo complex showed a sin
Fi gB8r.®&). The HNH was, for both proteins, t h
high fluctuating residue was observed in the
in the hybrid system, this residue has di ff.

hi gh flguatewatdiure i n the WED domain was al so
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Frodo only. As this residue is at the end of

residue which previously had interaction wit
di fferent interactions in this system. The P
similar variation than the SpCas9 with si mi/l
(Fig8rt®). However, there was a notable fluctu
1000. This is suggesting these residues have
are fluctuating more in the hybrid system. L
sSi mipleaark s t han its relative WTs except a hi
suggesting the stem | oop 3 has more flexibi

SgRNRAI 3r.8 ) .

Il n summary, the SaSp protein is fluctuating
the PID fluctuation in SaSp exhibits variat
demonstrates fluctuation comparable to its

whhcshows much higher value.

As a final anal si s, bi nding energy between

extracted. The binding energy calculation wi
interaction between the protein and the sgRW
datwe, can identify which sgRNA hybrids exhib
the hybrid protein.

The binding energy of SaSp Cas9 + Frodo sho
SaWespecially for the residues pr eskingurien tt
3.8). This is indicating that these residues:c
hybrid construct compared t ®siidnaeehyabcrtiidn.g Bwi et
SsgRNA for the SaWT were also interacting for

8 3
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Residues Residues Residues
J Residues
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0
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B 600 — n
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Fig@r.BSaSp stabil i(tl8) wAvdér &age® dRMSD for the prote

DNA (C) for SaSp Frodo (bl aek) ,NuSrebWT, oSp WTy darnodg e(
made bet wedkMNAp ( D) e-DwA ot E)i naDiNdA RNA f or SaSp Frod
SaWT, SpWT and Cj WT. ( G) RMSF for Sa Cas9 witt
combiomatwii th Frodo-teredhnaforcommenNto both protei
PI'D of Sp Cas9 with its sgRNA (yellow) and SaSp
of Sp Cas9 sgRNA9(gykl o) , a®d SaSp Cas9 Frodo sg
energy for each amino acid known to interact wi
(bl ack) versus SaSp with Frodo (red)
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3. 3Bi2ophysical properties of SaSp Cas?9

The Sam sgRNA tested in this section in c¢oml
SgRNA and Sp sgRNAg8eBuenmdas®bE(she cr RNA of
SgRNA and the stem | oop 1 of the Sa sgRNA.

Sam

—

Sp sgRNA sequence Target
M Sa sgRNA sequence  mm Tetraloop

Fig@r.®®8 Cartoon descripttcompoéithenSam sgR|

The protein RMSD average of SaSp + Sam was s
and reazihfdg8Bed3 -vRhRl ue <0.0001). The RNA RN
SaSp + Sam diverged significa2jt(fiyga3 B3t he 3
Pvalue <0.0001) . Finally, the DNA RMSD avers
di fferent to the9iWFsgaBdi4Bevddclhueed <30. 0001) . A
data suggest fwhapotnemalsgbvyedgesng from their

than in the WTs system meaning the hybrid co

The number of hydrogen bonds made between p
hybrid system compared to thkEi gWrBed®d3 t hFarto
pr otbeNNAn t he hybrid system made mor e Fiogwdrse t has
33 .4E) . Lastly, as for Frodo, Sam made 56 hyd
t he DNA, whi ch i s tFhieg usBaed¥ed .asl n heo WTIsu i on,

system showed a similar amount of hydrogen b

The RMSF of both proteins had similar patter
fluctuati ng domai nFifgour8 ef®3eF etwv or epsriodtueei sn sf r(o m t
| obe webtQ foowrert heThhiysbriisd.suggesting these r ¢
fewer interactions with the surrounBewg ato
residues in the RuvClIl8 Qwerr dbosthowrmea sNTr eaadh i
syst.&Ams present in both systems, this indica
change ofThehePIPD DRMSD f o0 Q0 sd Mdauvweed 9alldi ff er
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hybrid version might exhibittomduced
it more flexible. The fluctuation for
and WT system. Finally, the sgRNA flu
|l ative WTs with a fluctuatingnresa#éduen
sequence of prhees ¢Smtr sstelpas e@a WT .al Shoi s i s
he sgRNA residues of the hybrid are be
|, the hybrid system showed cl osely s
to the WTs. Howevel aythle sPimBodi fflf ecteuma:

|l uctuati on.

nding energy of the hybrid system show

t hanFitghueB egZ3aBJWT I(nt erestingly, the brid
t hat showed the most wvariation of bin
Overall, the WT sgRNA binding energy s

Sam.
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3. 3Bi3ophysical properties of SaSp Cas?9

The MSam sgRNA tested in this section in co
SgRNA and Sp sgRNAg8eBHuendadaes (composed of th
Sp sgRNA and the stem |l oop 1 and 2 of the Sa

the Sa Cas9/ sgRNA was | acking the stem | oop
i mprove the qual Ni ghomasihe etHopdetvaeR § 13)s t he s
2 residues are known, I added a stem | oop 2
more precisely how the Cas9 would interact a

Medium Sam
2

—

Sp sgRNA sequence Target
M Sa sgRNA sequence  mm Tetraloop

Figdr® Cartoon description of the MSam sgkFk

The protein RMSD aWMSearna gdei voefr g®adSpsitgni fi cant |
reachDp{¢FiguBeA3 -vRIl ue <0.0001). The RNA RMSL

hybrid system was also significanBiFidguffrer e

33.6B, vRl ue <0.0001). Finally, the DNA RMSD
from the 3 WTs7jalRdgugac&Bevddl e <0.0001) . I n ¢

SaSp + MSam had higher deowpatoidonrn tvsa lswesst efno rt
WTs indicating every component of this syste:
than the WTs.

The number of hydrogenRNMANder bteheveeynstpemt 8a §
was higher than the WTSiagnu® etdfac hTehde 1hyD rh odn s
showed a similar amount of bonds made bet we
and CjWT with a FiogwawuBe6B3. 3Radbbhgds t(he number
bonds made between RNA and DNA hybrid was tt
53 bomidguBe&F3. The hybcobdbspatemni with MSam

a number of hydrogen bonds closely similar t
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The SaSpCas9 + MSam protein showed the same
(Fi guBe&%s3. The HNH was again the most fluctu
the RuvCIlIIl domain, we can snot itsaydshhe ngstli y fi Isu
suggestieagedhiadndethhe hylhavkde psty sttheem same i nter
the WT awndtémis is not due ThbhbetBReDchhuageuaf
SaSpCas9 was much more similar to the- Sp Ca
terminal paifFt goBe@iB3e RI Pe@k present only fo

noticeabl e around r esDg.uTeh ilsO 0sOu gagneds trse atchhaitn gi

region of the domain, certain residues exhib
interactions in the hybrid system compared
more difficult to compaaekiarsg tthlree S&IWY m rs RN
33..8 ) . However., Qwagpemakt ace®dbl e for both the
around residue 40. The stem |l oop 1 displayed
the stem |l oop 2 of MSam presented an increas

is also the casdhfier itshsugmesgRMA. t hat t he |

has more flexibility and | ess interactions W

The binding energy of the hybrid system clo
particularly for the bri@EgaguBe@i3x adodvetvheea , WH

Ruv Cl | and RuvCl 1 di spl ayed more pronounce
summary, while the hybrid and WT systems de.
certain domains. This is suggesting that th
SaSp prtotaeicnomparable | evel with the SaWT.
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3. 3Bidophysical properties of SaSp Cas?9

The LSam sgRNA tested in this section in con
SgRNA and Sp sgRNAg8eBuenadaes (composed of th
Sp sgRNA, the stem | oop 1 and 2 of Sa .sgRNA

The rationale here, is to see iIif a stem | oop
hybrid system could increase the stability a
Large Sam
=
Sp sgRNA sequence Target

M Sa sgRNA sequence  mm Tetraloop

Figdr.® Cartoon description of the LSam sgfF

The protein RMSD average for SaSp + LSam sig
reach®pd(F9guBe8A3Pval ue <90Q. 0TOhOtel RNA RMSD aver e
significantly different ti h(Ring wheeBB3R-Va | avd 1 ¢
<0.0)0.01The DNA RMSD average differed signif.
close the WTs wigGjhFiag uEeaBCRvadbneoRQA3 T0OEL hybr i
system exhibited higher RM3potoEart ttsh es yVgTtse m.o

The number of hydrogen bonds between protei
bet ween the hybrid system, SaWT anHli guprvéT w
33..8D) . LSam di splayed more bonding than Cj W
made between protein and DNA was 40 bonds at
Cj WFi guBe8E3J . Finally, the number of hydroge
and DNA was similar between the hybrid and t
LSami@QuBe8&3. This is suggesting that the hyl

amount of hydrogen bonds in the system than

The SaSpCas9 + LSam protein displayed the ¢
except for t hRei gHuiNBHe&d.malimdéed, the HNH fl uct
for the hybri@Q@agdi pgeeeate8 different peaks
This is suggesting that the HNH domain of Sa
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di fferent interaction Tama Hil ghkliyifllisticpt utditaann g

RuvCll Il ®oifrdoSaWhow the same | evel of fluctual
much | ower. Thi s ieseessidmeatthiinsg htyhbarti dt hsy st «
di fferent interactions than in the WT syster
the SpWT PID fluctuation wi FhgulBe8id3amdheat:t
residues around position 1000 were stil]l s ho
maxi mum®@of T&i s could mean that in this syst.:
stability and his atoms are | ess flexible an

Finally, the sgRNA fluctuation exhibited tF
residues 2Pi gaunde.8530. (Il nterestingly, the stem
di splayed |l ess flexibility compared to MSam
fluctuation for the | ast residues of the gui
overjwhi ch was higher than in any other hybr

is at the junction between the Sa stem | oop
junction between the stem | oop 2 alhdstBeiwas n
initial i nteractions increasing their fl exil

with LSam is showing some differences of f1 €
the SaWT, an RMSF closer to the Sp Ifmap i3 s F
for its sgRNA.

Eveinf Sam di splayed interaction with the SaSp
presented more extremeFivglBe®3thas fbe SISWm,
resi d&z0 Rshowed a similar |l evel of I nteract
Ruv Cl | and RuvCl 1| di spl ayed the biggest val
suggest that the addition of thetisdrem dtowee
the Cas9 and the sgRNA hybrids.
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3.

3Bi5ophysical properties of SaSp Cas?9

The LSam sgRNA tested in this section in co
SgRNA and Sp sgRMNiAgBreBuehtés Composed of the

Sp

SgRNA, the stem |l oop 1 of Sa sgRNA and th

the stem | oop of the guide could change the

Th

Gollum

| m— >

Sp sgRNA sequence Target
m Sa sgRNA sequence  mm Tetraloop
M Linker

Figdr® Cartoon description of the Gollum s
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3. 3Bieophysical properties of SaSp Cas?9

The Merry sgRNA tested in this section in coc
SgRNA and the Sp sHORNA.Begudmcses omposed of |
the Sa sgRNA, the stem Il oop 1 of Sa sgRNA ai
This sgRNA is closely related to Gollum wit

been changed.

Merry

"

Sp sgRNA sequence Target
mm Sa sgRNA sequence  mm Tetraloop
m Linker

Figdr.Bl Cartoon description of the Merry s

The protein RMSD average for SaSp + Merry wa
reachig9ng(Fi7gurdel38B,P-val ue <90Q. 0Wel RNA RMSD av.
significantly differed .07 ¢Fm gtuBe. BWIPsv admuce r e a
<0.0)0.01The DNA RMSD average of the hybrid sy
the WTs andlijr(EaguBdlB2B,Pvalue Q. Oth®l hybrid s
showed higher RMSD t ham miploeseulldiigse sft d rn g e @t énri \s

construct is deviating more than the WTs.

The hybrid swpabitgmeshowmber of hydrogen bonds
and RNA than the WTs HKiepauwmd.ld®g). Thlesu mbemnmd so f (
hydrogen bonds between protein and DNA was
Cji WT with 32 FRiogu8daiB&B)hyFriincal(l y, the amount o
bet ween RNA and DNA was closely similar betyv
with Merry shoFwigud eBB).bouwmmany, the number of

bonds of SaSp with Merry was closely related

The pattern of fluctuation for the hybrid p
However, some domains presented more fluct u:

from the bridge helix and the REC | obe share
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SaWT ®hdédilructuati on was more i mportant. Thi s

di fferent Il nteractionBi gwh@deBB)H ghley WITI wsoytsu &
resisdwe theeBrWITi oweabl e i n the QRuviQlel Is armea ¢
resistoe Merry. ,eacnhdeice aite nigdwd i f f erents i nter
in the hybrid systTehne aPnldD Ifelsusc tfulaetxiiobni loift yt he
t h SpWT but showed jnmulotuinpdl e epsea adkuse alt0 0103 s ug
residues are sharing differentFiignutBeed3®9.t i ons

e
S
The sgRNA RMSF exhibited the same peak as Sa
e same fluctuat ) @gFn gwaBle®B@).ar dlned rest of th
presenting some fluctuating residue which ar
this sgRNA has a different way of interactio
SaSp + Merry system di spl atywalt isoonmec odm pfaf reerde n
SaWT and SpWT atdodnafifnddroevretv elrevelhe fl uctuatic
at the same | evel afsew hree s WTdsu ex ciemptt HferPIl D.

SaSpCas9 + Merry displayed binding energy va
resi druiegsu B(el3B). . The RuvCl I and RuvCl | domai
di fferences of wvalue between the hybrid and

domains have different interactions strength
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3. 3Bi7ophysical properties of SaSp Cas?9

The Pippin sgRNA tested in this section in c
SgRNA and Sp sgRWNAg®8rBl.enilcte®s (composed of th
Sa sgRNA, the stem |l oop 1 of Sa sgRNA and th
This sgRNA is closely related to Merry, a st
this could change the iintyerafctt loee syYystemt h a

Pippin

—

Sp sgRNA sequence Target
Il Sa sgRNA sequence I Tetraloop
M Linker

Fig8r.B8B3 Cartoon description of the Pippin

The protein RMSD average was signific@®@ntly d
i (Figu3eB®Pvalue 0. Oh@1 RNA RMSD average sign
t hat of the 3 WTs (FAdmd BreB8&8cPhvead uk3 9Q. OFrth®k1 DNA
RMSD average was significantly di7fijf(eirgemnrte t he
33.B€L€Pvalue <0.BDWOrly RMSD values of this sysH
WTs .

The SaSp + Pippin system made more hydrogen
RNA than the WTFige8eBBng TAhAbs (system produc
amount of hydrogen bond between protein and
bondd guB8eBBB).. Finally, the amount of hydroge
and DNA was closely similar between the hybr
(FigudeB®B).. I n conclusion, the number of hydr

components of the system were similar to the

The protein fluctuation showerd gsidmi3i3a.r patt
However, the HNH domain and the WED domain s
values than the SaWT indicating more flexibl

didndét fluctuate as in the Merry sysapm3 sug
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reduced the flexibility of this domain. The
to 1000gheweng the same pattern as the WT, d
val ue suggesting these residues are sharing
(Fi guBel3s) . We can hail gsfol yncottuiactei ng resi dues al
indicating the residues attt htehirs i md ®irtaican om
surrouatdomsg or residues. The sgRNA fluctuat
fluctuabhieo®aWT ar ounki grueBseilddd).e JIhe( rest of t
di splayed a different fluctuation than 1its
fluctuation present for the hybrid sSgRNA ar e
al so notice a huge peak of, fdwggdgasttiiogn tflhoe <«
3 is |l osing interactions. Overall, this hybrt
component and the sgRNA seemed to fluctuate

same fluctuation as its relative WT.

Finally, the binding energy of Pippin displa
more extreme valkiegud e38)t.heT hhey bRuvdCI(I and Ruv
showed the | argest distant values between th
these 2 domai nsl esvhedrsei ndiefrfaecrtamtn wi t h t he sg
the resBi7Tdues h®swendi | ar bindith@ghen®a\Wy¥y. viadl ueconc
evemrgsisdwpposedly interacting with the sgRNA
in this system as well but shared different
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3. 3Bi8 physical properties of CjSp Cas?9

The CjSp Cas9 was created by the fusion of
SgRNA of Cj Cas9 is composeidntodr acttirompd eb eéteu

the stem | oop together. This | ower t he amo
removing one stem | oop would result in the d
interactions. Therefore, | dewel €Cp&p ZasRNA
The Rosy sgRNA tested in this section in co

SgRNA and Sp sgRMNAg®8rBu.enicte®s (composed of th
Sp sgRNA, the scaffold of the Cj sgRNA.

Rosy
: >

S—

Sp sgRNA sequence Target
m Cj sgRNA sequence m Tetraloop

Figdr.B85 Cartoon description of the Rosy sg

The protein average RMSD ofdCfBprenRoskhawash
with the hyh3ji(di gedaeld@mhwal7ue 0. ThE1L RNA aver
RMSD of CjSp + Rosy diverged significantly f
33 (FiguBeB®,Pval ue 0. Fdhlal ly, the DNA avera
systemiwansi ficantly different than2jtFhieg Br eVTs

33.B&,P-val ue <90Q. 00A0 1 the RMSD wvalues of this
di fferent WTs. Overall, the RMSD of every c
the hybrid  ebaecihé!l WTgor the protein and th

The Cj)Sp + Rosy had more hydrogen bonds made
than the WTs reachi nEgi qqu & adl36R).|. offhils2 3h ybbon dds d(e
a number of hydrogen bonds between protein a
Cj WT with Bi5gb®eldss)..( Lastl y, the amount of L
and DNA was considerably | owkirgu#&el38).t.h el hWTss

|l ast residue could explain why the RMSD for
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3. 3BBi% physical properties of CjSp Cas?9

The Bilbo sgRNA tested in this section in c
SgRNA and Sp sgRWNAg®8rBJu.enicte®s (composed of th
Cj sgRNA, the scaffold of the Sp sgRNA. This
tested.

Bilbo
—

Sp sgRNA sequence Target
mm Cj sgRNA sequence mm Tetraloop
m Linker

Figdr.B87 Cartoon description of the Bilbo s

The protein RMSD average of SaSp + Bilbo diwv
reachaidFBg 3r.B8&) . The RNA RMSD average was S
than the 3 WTs 4gnl@i gwra88®B)e.d Bhe DNA RMSD av
significantly diverged compaZie@#i g &8r..8&8). 3 WT
Notabl vy, al | RMSD values of the hybmMTd syst
systems.

The hybrid system showed a comparabl e amount
protein and RNA than theFW8rB®)t.h AIOt8h dwak,s E
devel oped mbNA Ipomdieng than the 3 WFs$ gwirteh a
3. 13&) . On the other handbNA tb odedv enlgo ptehda nl et shse
24 bohRidegwBHBF) . Il n summary, this system displ
only for-DNAe TRINIAs coul d suggest smal |l er i nt

component s.

The CjSp Cas9 + Bilbo protein displayed a R
Cj Sp Rosy. Howevewasttihlel frhwcch uhaitg loenr nfgor t he
this protein is | ess FsgaBhliB&) andheoPeé Df If ¢ xiicl
presented an analogous fluctuaRii@UAr.88)r. most
|l nterestingly, the SpWT Cas9 showed a highly
the PID. This was not the case for the hybr
these residues. The | ast residues od&titdre hy
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residues suggesting these residues in the h
SgRNA fluctuation of Bilbo showed dRFifdgwemrent
3.38). A peak is noticeable at residue 40 whi
|l ess fluctuating. The Sp sequence of the hyl
peaks of residues not comparable with the WI
Bi Ihbaosdi f f erent pattern and fluctuation | evel

The SaSpCas9 + Bilbo displayed a similar pat

(Fi gBr.83) . Most of the residues displayed <co
with the WT. -6Thewhiecshsduoath Rnatnt er acti on f or
presented a similar binding energy | evel for

SgRNA structure restored the binding for th
di splayed interaction betAveassn ntihearp rloetveeiln aasn
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3.8i scussi on

A tot al of 2 Cas9 hybrids and 9 sgRNA hybric
in interaction with 7 different sgRNA hybrid
with 2 sgRNA hybrids.

To estimate the potential efficiency of the

were performed, stabwetetyvwnahyseacmtehactglbon RI
hydrogen bond and bin®RMSBP, e RMSgy amnal chwlda toigeel
are strong data which can give an estimati on

binding energy will give more insights of th

The RMSD for the protein showed various resu
than the hybrids meaning they werwi tabllee stso

deviation thBng8hHd .hyflhrnisdsva(s expected as rep

PI'D by a different and |l arger PI'D would cl
interaction. I nterestingly, the SaSp and Cj
values as well showing t hceonfnoprancat iodn tahred stghR
of the Cas9 protein. Of all the SaSp hybrids

it was Rosy for the Cj)Sp constructs.
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FigBr.®8® AveragkeoRMSDe pwot di msriom bars represent
deviation f rTchne tbAe@&alctkkednbars represent the RMSD
white bars RMBPDefentt hbeWTs.

The RNA RMSD revealed different RMSBigalkees
3.2 . The | ongest SgRNAs, Frodo, LSam and Pi
val ues. 't could be duset etno Itohoep pwheiscehn cceo uolfd
interactions with the protein and therefore
showed the | owes.tQ)RMSD tvhae ua Sp4 s gRNAs. Thi ¢
more stable than the other and having more
reducing its movement . For the Cj Sp, Rosy s
could be expl aemed ofy tthe tpriepl e heli x i n Rc
interact with the CjSp protein while Bilbo s

the protein and therefore are deviating fron
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Fi gBr.2s Average RMSDifwithher RNMA bars represent
deviation f rTchre tbH elctkednbars represent the RMSD
white bars represent the RMSD for the WTs

The DNA RMSD for the SaSp hybrids were highe
variability betawmadem hehei my BnhdBRBA. (Thi s was
expected as they are al/l sharing the same s
hybrids did show higher values than the WTs.
of the DNA with the protein and/ or RNA twhi ch
initial position.
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Fi gBr.8 Average RMSDifwithher DNA bars represent
deviation f rTchne tbAe@&alctkkednbars represent the RMSD
white bars represent the RMSD for the WTs

The RMSF analysis can also give a good 1ins
fluctuat iroens idédruoemv é hgy protein and the sgRNA s
the HNH domain is the most fludtyaamaidmg ed o mad
201.Fpr every SaSp complexes and for the SaWT
fluctuation than any other domain confirmin
fluctuation characteristics as the different
showed aMShF gvhalRue for the SaWT and for numer
was probably due to a residue previously inf
its interactions and stability when the PID

showed a mabé¢er sfluctuation for this resi d
established interactions with the new PID fo
stability. Mor eover, SaSp Cas9 coupled to G
domain. This mayhebe ecpauasceednebnyt of ttheer mpirreavli o |
residues of this domain might have | ost some
|l eading to a WED domain that fluctuated mor
showed the same pattasrn hef SaMWIct ddatiiso i s s ui
residues of these hybrids keep the same biop
Cj Sp protein f laucvtduatfieanre nsthogoweod i | e of fl uct

Cj) WT. Rosy had a high fluctuating resjidue ir
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whil e the WT r@achene odil fyf efr ences i n fluctua
the WED domain as well. These fluctuations c
the initial Pl D, reducing the interaction o
association with Bid¢dbosdi speéakedpat macn to t|

of the domain were mor e -tfdrumitrualt i ngf etstpe cp rad

Ruv Cl || and the WED domains. Al l these dat e
association with RadsyfereBtl bevies bavimgera
therefore inducing a change in the fluctuat:i
Cj Sp are |l acking the HNH domain in my model s

crystalized without iig swaddNHt hmast tthlhee hHNH t W@
crystal(lYiaznatdiaore t. allh.us2017h)e fl uctuation valu
for both the Cj)WT and the CjSp could be diff

The PI D RMSF exhibited fluctuating residues
SaSp hybrids. This may be explained by the e

initial position of these residues away from
Mosaf the SaSp hybrids displayed the same f
Nonet hel ess, they al|l showed higher fluctuz¢
expected as the PID is |Ilinked to a new prote

+ Rosy manafdsféeerent pattern of fluctuatio
Cj Sp + Bilbo did show a pattern of fluctuat:
residues. This is suggesting that for CjSp +
andutd be fluctuating more and moving during
residues of the CjSp + Bilbo PID could have

atoms which could explain this increase of f
S&p hybrids | argely followed the RMSF patter
hi gher fluctuations at position 1000, whil e

CjSp + Bilbo resembling CjWT more closely.

For most of the hybrids, the number of hydrc
RNA was similar to or griiag 8nr.éd t hddmo wekhatr, oBas
exhibited -ReAsbpumdiengqy which could be due tc
this sgRNA hybrid is the smallest one with
residues. The WTs showed differentteumbamndof
RNA which could be I inked to their differen:
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one and Cj)WT the small est one. The number (

explained by the triple helix. The residues
together and the conformation of the helix w
Protein-RNA
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gBr.é4Aver agmbenr of hydrogepr bio@idis voietd hwBarAr or b a
presenting the standar @haeebBpfiialclkeodn arosm rtehper en
drogen bofndr ntuhmdbehrybri ds while bhdr wpehebbads
e WTs.

Al t hough, -DMA bpornodtienngn di d show | ess bonds fo
the size oFiI gBred) DNAndeend,sStghMC ocompl ex used
signilfyyieccasntDNA residues than SaWT and Cj WT ¢
avail abler ebdatnfddrpg ot ein. The hybrids and the
number of hydrogen bonds except for Bil bo wh
could be due to the conformation of the prot
The DNA residue dcoultdhebprolteser and t herefore

the surrounding protein residues.
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