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Abstract

ADARL1 is broadly expressed across various tissues and is vital in regulating pathways
associated wh innate immune responses. ADAR1 marks doghiended RNA as "self"
through its Ato-l editing activity, effectively repressing autoimmunity and maintaining
immune tolerance. This editing process has been detected at millions of sites across the
human g@ome. However, the mechanism underlying ADAR1's substrate selectivity
properties remains largely unclear, with much of the current knowledge derived from
comparisons to its more extensively studied homolog, ADAR2. By studying ADARL1 in complex
with its RNAsubstrates and applying a combination of biochemical techniques and structural
studies using CryoEM, we aim to gain a more comprehensive understanding of the substrate
selectivity characteristics of ADARL.

In this thesis, the purification protocol for ADARas successfully optimized, resulting in the
first report in the literature to achieve high protein purity and activity. This advancement
enabled the investigation of complex formation between ADAR1 and various RNA substrates,
leading to the identificatn of optimal conditions for preparing the cryoEM sample. However,
despite comprehensive optimization of the cHaM conditions, the resulting data lacked the
desired quality, highlighting the need for similar rigorous optimization of the RNA substrates
to facilitate structural studies of the ADAIRRINA complex. The study was complemented by
AlphaFold predictions, which provided some insights into this mechanism.

Moreover, during this project | established a collaboration with a research group focused on
studying ADAR homologs. Notably ADAR homologs were identified in bivalve species, and it
was further demonstrated that ADAR and it¢0Al editing activity are upregulated in Pacific
oysters during infections with Ostreid herpesvilis a highly infectious virs that leads to
significant losses in oyster populations globally. | successfully purified oyster ADAR and
prepared in vitro edited RNA for nanopore sequentirggdirect sequencing technology
capable of detecting modified nucleotides without the need feverse transcription. The
collaborators initiated optimization of this nanopelmsed approach. However, current
technological limitations still constrain the reliable detection of modified nucleotides.

The project also examined the impact of RNA editindRNA binding and filament formation

by MDADb, a key cytosolic dsRNA sensor that triggers an interferon response. A primary target
of ADAR1's editing activity is RNA derived from repetitive elements present in the genome,
particularly Alu elements formingloublestranded RNA. When unedited, these RNA
sequences are recognized by MDA5. However, the mechanisms by which MDAS interacts with
Alu RNAs, as well as the role ctoAl editing in influencing this binding, are still not well
understood.

The interactim between MDAS5 and Alu elements, was successfully established. This was
achieved through the testing of different RNA variants and the evaluation of filament
formation using binding techniques and electron microscopy imaging. This groundwork has
set the canditions for further evaluation using CryoEM. Furthermore, the effects-tf-IA
editing on the binding properties of MDAS with Alu RNA were investigated. Given the recent
research that has provided new insights into MDAS's interaction with dsRNA, seistied to

revise the experimental setup to integrate these findings before moving forward with the
CryoEM sample analysis.
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1 Introduction

1.1 Innate immunity and nucleic acids sensing

Innate immunity serves as the body's initial line of defense against pathogens, providing a
rapid yet nonspecific response. This system is capabiléistinguishing between harmful
pathogens and beneficial commensal organisms. It detects foreign molecules primarily by
recognizing pathogeassociated molecular patterns (PAMPSs), which are common molecular
signatures found on pathogens. This recognitwacess is mediated by pattern recognition
receptors (PRRS), specialized receptors that specifically bind to these PAMPs. Through this
targeted interaction, the innate immune system can effectively identify and mount a response
against potential threats, |pying a vital role in the body's defense mechanigdaneway,

1989; Medzhitov, 2009)

Different PRR families vary in ligand recognition capabilities, signal transduction mechanisms,

and subcellular localization. They are expressed in diverse cellular locations to effectively
respond to a wide rangefatimuli, being present on the cell surface as well as in intracellular
compartments such as the cytosol or nucleus. PAMPs are characteristic molecules that are
typically absent in the host organism. These can include distinctive lipids and carbohydrates,
such as lipopolysaccharides and peptidoglycans, as well as unique protein features specific to
bacteria, viruses, and other microbes. PAMPs also include certain nucleic acid structures, like
double-stranded RNA (dsRNA) or singteanded RNA (ssRNA)/ F NLISY G SNJ ' YR h Qb
Janeway and Medzhitov, 2002)

Nucleic acid sensors can be categorized based on their expression patterns astusab
localization. Tollike receptors (TLRs) can recognize different forms of nucleic acids derived
from bacteria or viruses and they are located in endosomes of specialized immune cells, like
dendritic cells, Eells, or macrophage@d.ind et al., 2022)Alternatively in the cytoplasm of
almost all cell types DNA can be recognizedugh cyclic GMIAMP synthase (cGASunN et

al., 2013)and interferongammainducible protein 1§Unterholzner et al., 201Gyhile RNA

can be detected by Ridike receptors (RLRS).

RLRs like retinoic acidducible gene | (RH3 (Yoneyama et al., 2004nd its homolog
melanoma differentiatiorassociated gene 5 (MDABJang et al., 2004re part of a class of
cytoplasmic RNA helicases. These receptors particularly sense ssRNA or dsRNA from viral
genomes or RNA accumulated during viral replication, and they do so without requiring
sequence specificity. Their activation triggers a downstream signaling cascade, leading to the
production of preinflammatory cytokines or type | interferons (type | IFNs). Sdweted type

| IFNs then induce the transcription of interferstimulated genes (ISGs), which have a direct
effect on fighting against the invading pathogens. This versatile and rapid response
mechanism is a vital component of the innate immune systede&ense against viral
infections (Fig. (Wu and Chen, 2014)

Nucleic acid sensors play a crucial role in detecting invading pathogens, yet they are also
capable of detecting endogenous nucleic acids. When there are defects in the sensing
mechanism, it can lead to dysregulation, resulting in inappete immune responses and

the onset of inflammatory and autoimmune diseasg&an et al., 2019)To effectively
distinguish sefhucleic acids from foreign ones, these sensors rely on specific modifications



that mark seklnucleic acids These modifications enable the sensors to recognize and
distinguish endogenous nucleic acids from those that are foreign, ensuring a balanced
immune responséKariké et al., 2005; Manom et al., 2014; Yang et al., 2014)
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Figurel Type | interferon system.
Figure was downloaded from (Rehwinkel and Gack, 2020)

1.2 RNAmodificationssuppressing the innate immune response

RNA undergoes numerous modifications, wigpeoximately 150 different types identified to
date, including several examples found it RNA coding sequences (Fig) (Boccaletto et

al., 2022) They are involved in influencing RNA metabolism and structural properties, which
impact various aspects such as stability, splicing, translation, localization or nuclear export.
The modifications can occur in all four reatides and the most common being methylation,
pseudouridylation, and adenosirte-inosine (Ato-1) editing(Delaunay et al., 2024)

2"-0-Me h
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Figure2 RNA modification present on mRNA.
Figure was downloaded frofDelaunay et al., 2024)

Numerous RNA modificatiomgave been identified that can modulate the function of PRRs in
various ways. Some modifications hinder PRRs recognition by allowing RNA to evade
detection, while others positively influence the immune response by preventing unwanted
activation.


https://www.zotero.org/google-docs/?k3chuB

One notabé example of how mMRNA modifications can shield against recognition by RLRs is
the modification of the 5' cap structure. Specifically, then@thylguanosine cap (m7G, also
1y26y | a Omednyiation (F&RMej of the first and second nucleotidestbe cap

(capl or cap2) have been shown to be protective. Research indicates that these cap
modifications help protect seRNAs from detection by RIGwhich recognizes uncapped

wb ! & @UANIKLIKp? & LdKphaspghate2ghlipp that are typically found @iral RNAs

(Ren et al., 2019; Schubestilagner et al., 2015)Additionally, mRNAs lacking the@Me
modification have been observed to trigger the production of type | interferons thindihe

Mda5 pathway(Zust et al., 2011)

M6A methylations are one of the most prevalent RNA modifications and can modulate innate
immune sensing. This modification impacts the sensing by TLRs; specificaliyroj
transcribed RNA containing m6A is a less potent activator than its unmodified counterparts
(Kariko et al., 2005)The loss of the methyltransferase METTL3, the catalytic component of
the m6Awriter complex, in hematopoietic stem cells results in the abnormal formation of
long dsRNA mé6Anodified transcripts. Consequently, this leads to the induction of dsRNA
mediated innate immune responses, including the activation of the-IRd@Gd MDA5
pathways. The mechanisms through which METTL3 and the m6A modification suppress
endogenous dsRNA levels remain unclgao et al., 2020)Additionally, m6A modification

in viral RNA helps it evade recognition by dRIGn particular, a study on human
metapneumovirus (HMPV) demonstrated that m@éficient HMPV RNA triggers significantly
higher type | interferon responsédku et al., 2020)

t &S dzR 2 dzNRA R AlycSsideisomet of luridinep significantly impacts PRRs by reducing
their activation. Its most notable function is to maintain the structure and stability obuari
RNAgBoo and Kim, 20207 his modification plays a significant role in haistis interactions,

as it has been demonstrated to help viral RNA in evading detectidrostyRLR§Shen and

Zhang, 2023)The pseudouridine modification can impair REzbility to form filaments and

bind effectively to RNAPgisley et al., 20)3 While RIG is capable of recognizing the
Y2ZRAFTAOFIGOAZ2YS AGQa dzyltoftS (G2 AYyAGAFGS GKS
(Durbin et al., 2016) Additionally, pseudouridine has been effectively utilized in the
development of MRNA vaccines, such as the SAR& vaccine, to improve RNA stability

and reduce undesired immune respongeal and Wang, 2022)

1.2.1 A-to-l RNAediting

Adenosineto-inosine (Ato-1) RNA editig is one of the most prominent and irreversible
modifications that can occur in both coding and Amding regions of RNA primarily taking
place in dsRNA and is mediated by a group of enzymes known as ADARs (adenosine
deaminases acting on dsRNA). ADARalyz¢ the hydrolytic deamination reaction at the C6
position of adenine, converting it into inosine (Ay.The chemical structure of inosine closely
resembles that of guanosine, differing only by the absence of the amino group attached to
the C2 positia. This structural similarity allows inosine to be recognized and interpreted as
guanosine by the translational machindBass, 2002)


https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.845625/full#ref107

adenosine inosine

Figure3 The conversion of adenosine to sine catalyzed by ADAR.
Chemical changes resulting from hydrolytic deamination are highlighted in red.
Figure was prepared with BioRender.

A-to-l RNA editing was first identified as a puzzling enzymatic activity that caused the
unwinding of injected dsRAlin the nucleus of Xenopus laevis oocygass, 1987; Rebagliati

and Melton, 1987) Subsequentstudies involving molecular cloning and biochemical
purifications identified ADARs as enzymes catalyzing the editing reaction. The protein was
initially called Doublestranded RNApecific adenosine deaminase (DRADA or dskBd3s

et al., 1997; Bass and Weintraub, 1988; Wagner et al., 1989)

Nextgeneration sequencing technigues have been utilized to globally identify inosines by
detecting Ato-G variations though comparisons with the genomic sequence, leading to the
discovery of millions of sitg8azak et al., 2014; Ramaswami and Li, 200@minimize false
positive results, several bioinformatics pipelines have been devel(peadoletto and Rosani,
2024) Despite the identification of numerous sites and the continuous discovery of new ones,
the regulatory mechanisms underlying the editing process remain poorly understobidgEd
levels exhibit variability across different cell types and change both developmentally and
temporally, suggesting that regulation occurs at multiple levels. Small levels of these
variations can be attributed to differences in ADAR expression levdlsecabundance of
dsRNAGTEXx Consortium et al., 2017; Lv et al., 2023; Porath et al.,.2017)

The majority of identified RNA diig events are found in transcripts derived from Alu
elements(Bazak et al., 2014; Ramaswami and Li, 204Hich are short interspersed nuclear
elements (SINEs) abundant in the human genome, with over 1 million copies present, each
approximately 300 nucleotides in lengteininger, B11) Alu elements are typically located
within introns and 3' untranslated regions (UTRs) and can be arranged in an inverted
orientation within the same transcript, forming invertedpeat Alu (IRAlu) structures. These
structures often exhibit hairpinanfigurations with extended regions of dsSRNA, making them
prime targets for ADARRediated editing(Athanasiadis et al., 2004; Grover et al., 2004; Kim
et al., 2004) Consequently, there are over 100 million potential AERARed sites within the
human transcriptome. However, the frequency of R&étiting at any individual Alu element

is relatively low, typically less than 1B&azak et al., 2014)

The presence of endogenous dsRNAs can activate the cytoplasmic sensorihitiafibg an
innate immune response. This activation can lead to the aberrant production of type | IFNSs,
resulting in potentially pathological consequences. To mitigate this unwanted immune
response, Ao-I RNA editing serves as a vital modification te#ectively marks cellular



dsRNA as "self* thereby repressing autoimmunity and preserving immune tole(figce!)
(Ahmadet al., 2018)
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Figure was prepared with BioRender.

A-to-1 editing can also have various consequences on RNA metabeoldoding alterations
in RNA stability, changes in splicing patterns or effects on gene recoding.

Introducing inosine in MRNA can have consequences in sequence recoding, leading to
changes in the protein's amino acid sequence and function. One of therdpstrted
examples was the substitution of glutamine for arginine (Q/R site) in the glutamate receptor
GRIA2 (also known as GiBRor GIuR2). This change results in reduced permeability of the
C&*channel, which has been associated with eariget epilepg (Brusa et al., 1995; Higuchi

et al., 1993; Sommer et al., 199However, it's importanto note that the number of genes
edited within their coding regions is relatively Ig@abayet al., 2022)

Inosine incorporation into RNA can alter its stability by affecting base pairing. Specifically,
when inosine substitutes for adenine (A), it can form more stable pairs with cytosine (C) due
to the presence of two hydrogen bonds in th€ kair, compared to the single hydrogen bond

in the AC mismatch. Conversely, the inosmm@cil ({U) mismatch is less stable than the
adenineuracil (AU) pair. Overall, introducing inosine can enhance RNA stability in certain
configurations while making bers less stabl@Vong et al., 2001; Wright et al., 2007, 2018)



1.3 ADAR proteins in humans

100aa dsRBD

=« ADAR1 p110
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¢

Figure5 ADAR1 and ADAR2 domains organization.

A-to-1 RNA editing in humans is facilitated by two catalytically aativzymes: ADAR1 and
ADARZ2. Both enzymes possess a modular domain organization, which inclutksnenal
deaminase domain that serves as the catalytic site responsible for the editing process. They
also contain two to three doubistranded RNA bindingodnains (dsRBDs) that promote
interaction with dsRNA. Additionally, ADAR1 featurd®NA/RNA binding domains and one

of these domains is capable of recognizing nucleic acids in an unusudlaneled
conformation (Fig5) (Nishikura, 2016)

Humans also express a third ADAR enzyme, ADARS3, which is catalytically (Ghetivet al.,
2000) While ADARS3 does not possess RNA editing activity, it can s&MA and negatively
regulate the RNA editing activities of ADAR1 and AQJRRghava Kurup et al., 2022)

1.3.1 ADAR1

ADARL1 is widely expressed in various tis$Gd€x Consortium et al., 20B0d has two major
isoforms, ADAR1 pl110 and ADAR1 p150, which are transcribed from distinct promoter
regions. The ADAR1 p110 isoform is produced from constitutive promoters upstrieaxon

1B and exon 1C, resulting in a protein of approximately 110 kDa. In contrast, the larger ADAR1
pl150 isoform is generated from an interferamducible promoter upstream of exon 1A,
leading to a protein of around 150 k¥gig. 6) (George et al., 2005; George and Samuel,
1999) Interestingly, the ADAR1 p110 isoform can also be translated from the mRNA that
encodes the p150 variant. This occurs through a mechanism known as ribakippeng,

which bypasses the p150 start codon located in exoifSiA et al., 2021)

a Human ADAR1 Za B dsRBM1 dsRBM2 dsRBM3 A-to-| editase domain
WM (133-199) [2?37307) (503-571)  (614-682) . (726-794) (886-1.221) 1,226

I | | L
Exons: 1B 1A 1C NES 2 ADARI1-p110 3 4 5 |6 7 8 9 10N 12 13 14 15

NLS

Figure6 Organization of ADAR1giein and genomic domains.

Exons 1B and 1C lack a methionine codon in the reading frame, which leads to mMRNA variants with an extended
5' UTR that intrudes into exon 2. This results in the formation of the p110 variant, beginning at methionine 296.
Exon 1As interferoninducible and gives rise to the p150 variant. Figure adapted {fenrReuver and Maelfait,

2024)

The ADARL1 isoforms can be localized to the nucleus due to the presence ofearnucl
localization signal (NLS) in their dsRBD3 dorf&iehblow et al., 2002ADAR1 p150 has an


https://www.zotero.org/google-docs/?usuWWP
https://www.zotero.org/google-docs/?usuWWP

additional Zalpha 2 0 R2YIFAYy GKIFG FSIFGdzNBE&A | ydzOf S| NJ
shuttle between the cytoplasm and the nuckewvith its primary localization in the cytoplasm
(Poulsen et al., 2001)n contrast, the ADAR1 p110 isoform is predominantly found in the
nucleus. However, under stressful conditions such as UV radiation and heat shock, ADAR1
p110 becomes phosphorylated and transportedthe cytoplasm where it binds to irAlus,

which serve as binding sites for the Staufenl protein, a key player in mRNA degr&Gatngn

and Maqua, 2011) By binding to irAlus, ADAR1 p110 competitively inhibits Staufenl, thereby
preventing the degradation of RAD51, a vital DNA repair protein. This mechanism provides an
anti-apoptotic effect, promoting cell survival during periods of cellular st(€akurai et al.,

2017)

ADAR1 p150 containsZd R2 Yl Ay X @ KA OK A-Banded/ddublgstrafided o6 A Y R
helical ZDNA and RNA(Herbert et al., 1997; Placido et al., 2007; Schwartz et al., 1B9%)

isoforms of ADARL alsopas Saa | % R2YIFIAYT K26SOSNE (KAaA
DNA(Athanasiadis et al., 2005; Kim et al., 2003)e occurrence of proteinswithdZ R2 Y I A Yy

is relatively rare, with only the-BNAbinding protein 1 (ZBP1) identified in mammals, which

also plays a significant role in innate immunity. Additionally, this domain has been found in

the fish PKRprotein like kinase (PKZ) and in certain virug&aki and Kanneganti, 2023)is

possible that additional proteins may possess ZR2 Yl Ay X | a &dzZ33SadSF
predictions, although they have not been yet experimentally validéBaitas et al., 2022)

The enzymatic activity of ADARL1 is predominansiyoaiated with the editing of noncoding

wb! aSljdzSyo0Sa t20FGSR Ay (GKS pQ YR 0Q ! ¢twa
targets mobile elements, particularly those formed by irAlu repg®azak et al., 2014;
Ramaswami and Li, 2014&esearch focusing on isofospecific contributions has shown that

the ADAR1 p150 is preferentially associated with the 3' UTRs, whereas the ADAR1 p110
isoform tends to target intronic siteleinova et al., 2023)

ADAR1 knockout mouse models result in embryonic lethality, primarily due to significant liver
damage, defects in organ development, and increased expression of ISGs. Importantly, the
longer isofom of ADAR1, p150, is essential for its crucial functi@dartner et al., 2004;
Pestal et al., 2015; Wang et al., 2004; Ward et al., 204DARIMediated functions also have
sigrificant implications for autoinflammatory diseases and can(@®wng et al., 2022)A
detailed explanation of the mechanisms ungémg embryonic lethality and associated
diseases will be presented later in the introduction.

1.3.2 ADAR2

ADARZ2, also known as ADAR1D, exhibits the highest expression levels in the brain and central
nervous system in both humans and rodents. Additionally, imdmus, ADAR2 expression is
significantly elevated in arteries, lungs, and the blad@&FEx Consortium et al., 201This
expression is regulated by multiple constitutiveomoters and is influenced by alternative
splicing of transcript¢Gerber et al., 1997; Slavov and Gardiner, 200@¢ably, ADAR2 can
autoregulate its expression by editing its prdRNA, leading to the production of splicing
variants with reduced levels of functional ADAR2wson et al., 2004)urthermore, ADAR2

can shuttle between the nucleolus and nucleoplasm, afiem which is influenced by its
expression and substrate bindif§ansam et al., 2003)



ADAR?2 activity is primarily linked to editing within the coding sequence, particularly in the
nervous system, where it targets the majyg of neural recoding siteGabay et al., 2022;
GTEx Consortium et al., 201Qene knockout studies in mice have demonstrated that the
only essential target of ADAR2 is the Q/R recoding site within the GRIA2 gene. Mice lacking
the Adar2 gene eerience seizures, show significantly reduced survival and generally
succumb within three weeks. Interestingly, this lethal phenotype can be rescued by the knock
in of the already edited Gria2 Q/R s{tdiguchi et al., 2000)

In patients with biallelic variants in the ADAR2 gene, mutations across various domains are
associated with a spectrum of neurodevelopmental disorders, inatudnicrocephaly,
intellectual disability, and seizures. These identified variants lead to reduced ADAR?2 editing
activity, which may contribute to the undediting of the GRIA2 gene, thereby exacerbating
the neurological symptoms observed in affected imndiinals(Tan et al., 2020)

1.3.3 Structuralcharacterizationof ADAR enzymes

Most of the experimental research characterizing the structural aspects of ADAR enzymes has
primarily focused on ADAR2. This is largely due to the relative ease of working with ADARZ2 in
laboratory settings. ADAR2 can be readily overexpressed in yeast or insect expression
systems, allowing for the purification of sufficient quantities of the pnoteivhich also
exhibits high stabilityCho et al., 2003; Keegan et al., 2007; Macbeth and Bass,.2007)
Additionally, ADAR?2 features a simptiomain organization compared to ADAR1, further
facilitating its structural characterization. Currently, only the isolated domains of ADAR1 have
been successfully purified, and a limited number of these domains have been structurally
characterized.

1.3.3.1 Deamiration catalytic mechanism
In early studies, the crystal structure of the deaminase domain of ADAR2 was elucidated,
revealing the presence of an inosHoéxakisphosphate (IP6) molecule situated within a
protein cavity primarily formed by conserved lysinedaarginine residues. Binding of 1P6
cofactor is crucial for the enzyme's activity and it is incorporated during protein expression.
Furthermore, the structural analysis unveiled a zinc ion located at the active site of ADAR2.
This zinc ion is tetrahedrglcoordinated by two cysteine residues (Cys451 and Cys516), one
histidine residue (His394), and a water molecule seyvas the fourth ligand (Fig.BY
(Macbeth et al., 2005)

Subsequent studies characterized the crystal structure of ADAR2 bound to an RNA substrate,
providing deeper insights into the molecular mechanisms underlyhng deamination
reaction (Fig. &) Matthews et al., 2016)The structure was determined using a@8r RNA
duplex containing the nucleotide anal@gpzanebularine (&zaN) at the targeted adenosine

with opposing cytosine. This analog is unable to complete the deamination reaction because
it lacks the eamino group. Consequently, the enzysmgbstrate complex becomes trapped

in the transition state, pabling the formation of a stable and tight complex between ADAR?2
and the RNA interacting with nanomolar affin{tfaudenschild et al., 2004)

The structure reveals that the targeted adenosine analeaz&\, is flipped out of the duplex
RNA into the zincontaining active site of ADAR2. The b#gaping process is facilitated by
the conserved bas#ipping loop, which approaches the minor groove of the RNA. Within this
loop, the conserved sequence &YuGly allows the glutamate residue (Glu488 in ADAR2,

8



Glu1008 in ADAR1 p150) to penetrate the duplex RNA, effectively flipping the adenosine
analog into the active site while forming two hydrogen bonds with the orphaned base
opposite it. The flanking glycines (Gly487 and Gly489) provide the necessanlitflexibi
enabling Glu488 to stabilize the flippégse conformation.

When the adenosine is positioned in the active site, the catalytic glutamate (Glu396 in ADAR2,
Glu912 in ADAR1) deprotonates water molecule that is bound to the zinc ion. This
deprotonated water molecule then acts as a nucleophile, attacking car®af the adenine

ring and displacing the-8mino group, resulting in the conversion of adenine to inosine. The
flipped-out base is further stabilized by interactions with other active site residinetuding
Val35, Glu396 and Cys451, which make direct contact with the RNA ribose and
phosphodiester backbone (FigCY.

Additionally, the RNA interacts with ADAR2 through binding loops at both the 3" and 5' ends,
which make contacts that are distal fraime editing sites. Notably, the 5' loop (residues 454
477) was found to be unstructured in the absence of RNA but becomes ordered upon binding
to the RNA substrate. This loop primarily interacts with the RNA through the phosphodiester
backbone via positaly charged residues. Mutagenesis studies identified that 6 out of 18
conserved residues within this loop are critical for the editing activity of AARRg and

Beal, 2016) Interestingly, the 5' loop of ADARL1 differs significantly from that of ADARZ2 in both
amino acid composition and loop size. To investigate the functional implications of these
differences, loop swapping experiments were conducted where thedp bf ADAR1 was
exchanged with that of ADAR2. The results demonstrated that the editing activity of ADAR1
was affected, by changing the substrate selectifitfang et al., 2018



catalytic reaction 5’ loop (454-477)

ADAR2 deaminase E488Q wih dsRNA
PDB: 5ED1

Figure 7 Structure of ADAR2 E488Q bound to an RNA substrate, illustrating the deamination catalytic
mechanism.
A. The overall structure of the deaminase domain (indicated in plum) alongis@dl®NA helix (shown in
dim gray). PDB: 5ED1.
B. Highlighted IP6 and zinc binding with the zinc coordianating residues (indicated in dark blue)
C. Highlighted catalytic reaction with catalytic residues (indicated in purple) and nucleotidesN8 and
orphaned gtosine (indicated in orange)
D. | A3KE A 3IKG SR77)iddicdted i kdllodv)dismaying the charges of residues
Color naming is based on the ChimeraX color palette.

The enzymatic activity of ADAR2 can be significantly enhanced by mutating Glu488 to
glutamine (E488Q(Kuttan and Bss, 2012)This mutation results in the enzyme exhibiting a
higher affinity for RNA duplexes containingiBaN(Phelps et al., 2015)nder physiological
conditions, glutamine is fully protonated, in contrast to glutamic acid, which can be
deprotonated. This ptonation state can improve hydrogen bonding interactions with the
orphaned nucleotide. These observations are further supported by experiments investigating
the effects of varying pH on reaction efficiency. When the pH is lowered, Glu488 becomes
more protonated, which may facilitate the badkpping mechanisniMalik et al., 2021)The
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enhanced activity of ADAR2 can also be modulated by substituting the orphan cytosine with
modified analogs that are capable of formihgdrogen bonds with the wiltdype Glu488
residue in a manner that is independent of protonation state. This observation was confirmed
by structural studies accompanied by biochemical as@agkerty et al., 2021)

1.3.3.2 ADARdimers
Various studies have reported that ADARs can form dimers in anrdBdehdent or-
independent manneGallo, 2003; Poulsen et al., 2006; Valente and Nishikura, 200@)
formation of ADARADAR?2 heterodimers has been observed in human (@#sci et al.,
2008) and demonstrated using FRET analy€ikilibeck et al., 2006)The requirement of
dimerization for the editing activity of ADARs has been a subject of debate. However, the
publication of a crystal structure of (HADAR2 construct comprising the deaminase domain
and dsRBD2 bound to an RNA substrate has provided more insights into the role of
dimerization(ThuyBoun et al., 2020)

The structure revealed the formation of asymmetric dimers, in which the deaminase domain
of one monomer directly engages with RNA and performs the catalytic reaction as observed
previously. In contrast, the other monomer interacts with RNA through its dsRBD2.
Importantly, the second deaminase domain does not interact with RNA; rather, it establishes
a dimerization interface with the catalytic deaminase. The dimerization interface is
edablished by a conserved TWDG motif, which is also found in APARBA)Disruption of

this dimerization interface through targeted mutations led to a reduction in editing activity
for both ADARSs. This was assessed through in vitro editing experiorestdected substrates

and further evaluated in HEK293T céllluyBoun et al., 2020)

Structurd data has revealed an additional dimerization interface for ADAR1. The structural
analyses have shown that the dsRBD3 domains are capable of dimerizing in an RNA
independent manner. Importantly, this dimerization interface does not preclude the
individual dsRBD3 domas from binding to dsRNA (FigB)8 Further investigation has
demonstrated that by mutating the dimerization interface, the RNA editing activity was
reduced at selected target sites, while having no effect on some other sites, as testeithin an
vivo cellular system. This suggests that the dimerization of the dsRBD3 domains plays a role
in modulating the RNA editing activity of ADAR1, but the specific effects are dependent on
the target site(Mboukou et al., 2023)
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Figure8 Structural data showing ADAR dimers.
A. ADAR2 asymmetric dimer bound to dsRNA (PDB: 6VFF). Color labeling: the catalytic deaminase of
monomer 1 is shown in plum, deaminase of monomer 2 in sky blue, and dsRBD2 from monomer 2 in
royal blue. The dimrization interface TWDG is indicated in yellow.
B. ADAR1 dsRBD3 dimer, either alone or bound to dsRNA. The dsRBD3 domains are indicated in medium
A2t SG NBR yR NeRelf o0f dzSeo ¢-8hBetsishiyhBghtkd withiaigtay A y i S
square.

1.3.3.3 ADARIstructural characteristics
The ADAR1 deaminase domain harbors an additionatbaming motif that is absent in
ADAR?2. This was identified in a study that utilized figbughput mutagenesis to investigate
the importance of cysteine residues in ARB combined with functional screening and
biochemical assays. Mass spectrometry metal analysis confirmed the presence of an
additional zinc ion, which is coordinated by the His988, Cys1081, Cys1082, and His1103
residues. When the Cys1082 residue was neddb aspartic (C1082D) or glutamic (C1082E)
acid, the resulting protein showed significantly reduced editing activity in in vitro assays, and
no activity was detected when tested in cellular systéPark et al., 202QFig. })

As previously mentioned, ADAR1 possesses additiedairiains-zd | YR %I ® { S@S NI
structures have been resolvedforthé Z R2 Y I Ay A y -DRAMaleifal§ FO0%20A6K ¥
Schwartz et al., 1999 ZRNA(Placido et al., 2007and the crystal structure of the free Z

beta danain has also been determindédthanasiadis et al., 2005fhe 2 R2 Yl Ay A& Ol
of recognizing the zigag conformation of phosphodiester backbones, which allows it to bind

to both DNA and RNA. Among the various conserved residues indthe Z2 Y Ay S | &y w
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Tyrl77, and Trp195 are completely conserved in otkeported Zdomains and play drcal
roles in binding (Fig.B)

{ G NHzOG dzNY £t 82X GKS % Ri2 YR2\WE Myad O 26550 SNINIBAE -
residue and instead has an lle335 residue, which prevents it from bindingtcl&ic acids.
Interestingly, when lle335 residue is mutated to a tyrosine, the domain exhibits the ability to

bind to ZDNA(Kim et al., 2003)Fig. B).
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Figure9 Structures of ADAR1 domains.
A. Predicted structure of the ADAR1 deaminase domain, displaying two zinc ions (indicated in dark
turquoise) and their gordinating residues (labeled in dark blue).
B. Structure of the ZAlpha domain bound to-BRNA (dark cyan, PDB: 2GXB) and thetZ domain (yellow
green, PDB: 1XMK). The two structures are aligned with Tyrl77, highlighted in dark blue, which is
present onlyin the Zalpha domain.

1.3.4 Characteristics oRNAsubstrates edited by ADARs

ADARs have some defined preferences for modifying adenosines at specific positions within
RNA substrates. They can target dsRNA duplexes longer than 15 base pairs and their
specificty is influenced by factors like the identity of opposing and neighboring bases and the
overall secondary structural features of the RNA molecule.

Previous studies have systematically examined the preferences of ADARs for opposing bases
within different RM\ configurationgKallman, 2003; Wong et al., 200The findings indicate

that ADARs preferentially edit-& mismatches and-B pairs, while showing little to no
activity on AA and AG mismatches. This observed substrate specificity can be explained
based on structural insights. The Glu488 residue which occupies the space vacated by the
flipped-out target adenosine could clash with a purine base which is bigger fgiheferred
pyrimidine (Matthews et al., 2016)

13



Different studies have revealed the distinct preferences of ADAgading the neighboring
nucleotides of their target adenosines. For the 5' nearest nucleotide, both ADAR1 and ADAR2
exhibit a preference for U and A, while C and G are less tolerated. Furthermore, ADAR2 has
been found to favor the 3' nearest neighborstive order: G = U > C = A. In contrast, ADAR1
AaK26a& | LINBFSNBYOS FT2NJ oU ySAIKOo2NE |a F2ff:z
nucleotide exerts a more significant influence on the editing capabilities of ADARSs, while the
deaminase domain playa crucial role in selecting adenosines within various sequence
contexts(Eggington et al., 2011, Eifler et al., 2013; Lehmann and Bass, 2000)

The preference for a 5' nucleotidean also be elucidated through structural studies.
QELISNAYSY (il f FTAYRAYIE AYRAOIFIGS GKFG &dzoaidAail
enzymatic activity by approximately 80%. This reduction can be further attributed to a minor

clash involving the GI¥® residue in the penetrating loop of the enzyme. While this clash is

not severe, it suggests that the enzyme may still have some capacity to accommodate 5' C or

G (Matthews et al., 2016)Interestingly, the accommodation of 5'G and the enhancement of

editing rates can be further modulated by introducing-@@ine (G or A) mismatch at thé&

position within the guide stran¢Doherty et al., 2022)

¢CKS LINBFSNBYOS T2N o0Q D Ol tyeerdtlse 2amind tfdup ofzi SR
guanine and the Ser486 residue in the bdigeping loop of the enzyme. When thednino

group is eliminated by replacing G with Which can still form a base pair with -Ghe

enzymatic activity is notably reduced by approxieia 50%(Matthews et al., 2016)

Editing specificity of ADARs can also be influenced by deviations from perfect base pairing
within the RNAstructure. Such structural deviations, like mismatches, bulges, and loops, can
affect the overall secondary structure of the RNA molecule and influence the'é&\Adeting
preferences (Fig. 3@Eggington et al., 2011ebhmann and Bass, 1999, 2000)

The initial studies focused on a limited selection of known RNA substrates and lacked a
systematic approach. However, hitfiroughput screening combined with mutagenesis of
selected natural substrates provided a deeper ursi@nding of the influence of RNA
secondary structure. These investigations confirmed previous findings regarding the roles of
opposing and neighboring bases and demonstrated that both general and subspradédic
characteristics collaboratively affect iidg levels. The degree to which each feature
influences editing varies across different RNIAsg et al., 2021)in another study, addressing
hightthroughput screening of secondary structures in long dsRNA substrates, ADAR1 editing
activity was mapped 35 utleotides upstream of disruptions in secondary structure,
demonstrating a periodic pattern in the editing procd&izonyi et al., 2021)urthermore,

the irCLASH approach (ADAR RNAmounoprecipitation with RIA sequencing) revealed

that ADAR proteins bind dsRNA substrates in tandem with-laaS@ pair footprin{Song et

al., 2020)

Collectively, these studies suggest a complex and cosEnsitive regulation of the RNA
editing landscape that cannot be defined by simple paramesdoge. The various factors,
including secondary structure, neighboring bases, and subssyaeific characteristics, work
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synergistically to influence editing levels in a manner that varies across different RNAs.
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Figurel0 RNA stuctural features recognized by ADARs.

1.4 dsRNA sensingathwaysregulated by ADAR1

The crucial role of ADARL in regulating dsRNA sensing pathways has beestaidibhed
through experimental evidence from various mouse models. These studies havemlstedr
valuable insights into the lethality associated with ADAR1 knockout.

The loss of function of both isoforms of ADAR1, p110 and p150-(}darmice leads to
embryonic lethality at day 12.5 due to extensive liver damage, defects in organs developme
and elevated ISGs expressibtartner @ al., 2004; Pestal et al., 2015; Wang et al., 2004ge

with a specific deletion of the longer isoform ADAR1 p150 phenocopy the full deletion of
ADAR1, demonstrating that the essential functions of ADAR1 rely on the longer isoform,
either due to its ctosolic RNA editing or RNA binding activi(@trd et al., 2011)

Further research has shown that the embryonic lethality associated with ADAR1 deletion is
directly connected to its RNA editing activity. Mice with catalitically deficient ADAR1 mutant
(AdaFBeAESER \where both isoforms can bind but not edit RNA, survive to a comparable
lifespan of 13.5 days, similar to those with a full deletion of AD@ARIHicoat et al., 2015)

The lethality caused by ADAR1 deletion and elevated ISGs expression couldibd vésen
animals were crossed with mice lacking the dsRNA sensor MDAS Jlfinlits adaptor
protein MAVS (Mavs), but not when crossed with mice lacking protein kinase R (PKR,
Eif2ak2") or RIG (Ddx58") (Bajad et al., 2020; Liddicoat et al., 2015; Mannion et al., 2014;
Pestal et al.2015; Wang et al., 2004These findings highlight the critical role of ADAR1's
editing activity in preventing the spontaneous activation of the MDAS5 signaling pathway.
Notably, the degree of rescue varied among different ADAR1 variants. While ADAR1 nul
mutants could only be rescued to the point of birth, the editohgficient mutants were able

to survive until adulthooqHeraudFarlow et al., 2017; Liddicoat et &dQ15)

The observation that the rescued edithagficient ADAR1 mutant exhibits a longer lifespan
compared to the complete ADAR1 knockout highlights the significance of other RNA editing
independent functions of ADARL. Despite lacking the capacity-fofl &diting, the editing
deficient ADAR1 mutant retains the ability to bind to various nucleic acids. ThibiRNAg
activity may lead to the sequestration of dsRNA, thereby preventing the downstream
activation of other interferoAnducible nucleic acidensors, such as ZBP1 and PKR.
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ADAR1 mediated suppression of PKR was reported in virus infected cells as well as in human
and mice cell model&Chung et al., 2018; Nie et al., 2007; Wang et al., 2004R is a protein

kinase that becomes activated upon binding to dsRNA throughemization and
autophosphorylation. Subsequently, it phosphorylates the protein synthesis initiation factor
SLCuhY £SIRAY3 (2 GNYXyatraAz2yl{ QB RA% Kdzi R2 4

Earlier reports of individual knockouts of either PKR or MDA5/MAVS alone were unable to
effectively compensate for the loss of ADAR1 and rescue the mice to adulthood. Recent
studies have shown that ADAR1 or ADAR1 p150 mutant mice can reach 40%Hocatiar

full rescue respectively, when both PKR and either MDAS or MAVS are reifitwed al.,

2023; Sinigaglia et al., 2024)tilizing a human cethodel, it was shown that ADAR1 p150
competitively binds to dsRNA substrates alongside PKR, thereby inhibiting PKR from inducing
translational arrest. Notably, this competitive interaction is associated with the cytoplasmic
localization of ADAR1 p15QHu et al., 2023)Consequently, to achieve a complete rescue of

the ADAR1 p150 knockout phenotype, it is crucial to suppress both the PKR and the
MDAS/MAVS signaling pathwaftdu et al., 2023; Sinigaglia et al., 2024)

ZBP1 is known to activate a form of inflammatory cell death called PANoptosis, which involves

a combination of pyroptosis, apoptosis, and necrofg@®/arng and Kanneganti, 2021Gpiven

that ADAR1 and ZBP1 are the only known proteins in mammals harboring theRz2 Y A y = A
was speculated that ZBP1 might have a role in the immunopathology associated with ADAR1
knockouts. Deletion of ZBP1 (Zbpl | £ 2y S &l ay Qia | odtadbts, 62 NI & C
combining it with subsequent deletion of MAVS (ZbpMavs’-) the life span of mice was
prolonged, but it did not achieve the same level of rescue as observed when both the MDA5

and PKR pathways were inactivated. Further investigation byper#ent research groups

has revealed that the postnatal lethality and immunopathology seen in mouse models with
homozygous mutations in the ADAR1 p180 ZR2 Yl Ay Oly o6S LINB@SYGSR
deletion of ZBP1 orthe ZBP4 Z R 2 Y | A \(De Relatiek ef dl., 2022; Hubbard et al., 2022;

Jiao et al., 2022)

Overall the immunosuppressive function of ADAR1 p150 might be attributed to its ability to
bind and potentially destabilize immunostimulatory dsRNA in the cytoplasmhypighesis

is supported by experiments using overexpression systems, in which ADAR1 pl110 was
redirected to the cytoplasm, enabling it to alter its specificity to mimic that of ADAR1 p150
(Kleinova et al., 2023)

In summary, ADARL1 plays a critical role in safeguarding dsRNA sensing pathways and
mitigating inflammation through multiple mechanisms. It40Al editing activity mdulates
MDAS/MAVS signaling pathways, thereby inhibiting the activation of type | IFNs. Additionally,
ADARL1 prevents translational shutdown by competing with PKR for binding to dsRNA.
Furthermore, the distinctive R2 Yl Ay 2F (G KS | 5 Itaminptewepting A &2 F 2
cell death through the process of PANoptdsigy. 11)
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Figurell dsRNA sensing pathways regulated by ADARL.
Figure was downloaded froifiHu and Li, 2024)

1.4.1 MDAS dsRNAecognitionand activation

MDAS is part of the RLR famiiig. 12)which also includes RIGind Laboratory of Genetics
and Physiology 2 (LGP2). These receptors aredapéhdent heliases that bind to
immunostimulatory dsRNA in the cytosol through their helicase and cadfsowyinal
domains (CTDJRehwinkel and Gack, 202RIGI and MDA5 both possess two caspase
activation and recruitmentdomains (CARDSs) that oligomerize upon binding to dsRNA and
subsequently interact with MAVS (Mitochondrial Antiviral Signaling Protein) on the
mitochondria. This interaction initiates downstream signaling pathways that lead to the
production of type | IFN&snd preinflammatory cytokinegHou et al., 2011; Kawai et al., 2005;
Wu et al., 2013a)

100aa

: Helicase Hir]
- ' MDA5
LGP2
e L |
Signaling RNA binding

Figurel2 RLRs receptors and their domain organization.

RIGI and MDAS can recognize distinct types of RNA:I Rg&cifically binds to blurgnded
dsRNA with dior triphosphate groups, which are characteristic of viral RNA. In cdntras
MDAS interacts with long strands of dsRNA without any sequence specifiGty et al.,
2008, 2006; Rehwinkel and Gack, 202@PA5 employs its helicase and CTD domains to
assemble into a rirdjke structure that can bind to the phosphodiester backk of dsRNA.

This structural arrangement allows MDADS to interact with dsRNA in a seiiiethependent
manner, as it recognizes the overall dsRNA backbone rather than specific nucleotide
sequencegWu et al., 2013a; Yu et al., 2018a)

MDAJS cooperatively assembles along dsRNA to form filamentous structures, enabling robust
binding to long dsRNA moleculerke et al., 2012; Peisley et al., 2011; Wu et al., 2013a)
The disassembly of MDAS from dsRNA is regulated in a lelggtndent manner through
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ATP kdrolysigBerke and Modis, 2012; Peisley et al., 2082uctural analyses have revealed

that the binding state of ADP/ATPthin MDAS induces conformational changes that control

its association and dissociation from dsR¥A et al., 2018a)t has been proposed that ATP
hydrolysis facilitates thedissociation of MDAS5 from shorter dsRNA molecules, thereby
ensuring selective binding to longer dsRNA sequences. This selective binding process
functions as a proofreading mechanism, enhancing the specificity and accuracy of MDA5S's
interactions with its arget RNA ligand$eisley et al., 201Xu et al., 2018aRecent findings
revealed that ATP hydrolysis drives MDA5's translocation along dsRNA, potentially
contributing to subsequent CARDARD oligomerizatio(Han et al. 2024)which in turn
facilitates the nucleation of microfibrils made up of MAVS CARDs. This process leads to the
activation of type | IFNs downstream signaling pathgégu et al., 2011(Fig.13)

2CARD helicase CTD
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signaling RNA recognition I

dsRNA dsRNA o
—\J F» - @
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N\ — - — |
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helicase-CTD filament
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monomeric filament oligomerization IFN signaling
binding assembly of 2CARD

Figurel3 Model of MDAS5 filamentormation and signal activation.

When MDAS binds to dsRNA, it forms a flikg structure through its helicase and CTD domains. The initial
monomeric binding is unstable, but MDA5 then cooperatively assembles along the dsRNA, forming filaments.
This filamat formation brings the neighboring 2CARD domains into close proximity, inducing their
oligomerization. The oligomerized 2CARD domains then interact with the MAVS, which initiates the downstream
interferon signaling pathways. The figure was downloaded f(Del Toro Duany et al., 2015)

LGP2, which lacks the CARD domains, is unable to initiate the MAVS signaling. However, it
functions as a positive regulator of MDA5S activatiordwylitating the assembly of MDA5 onto
dsRNA(Satoh et al., 2010)LGP2 has been shown to accelerate the initiractions
between MDA5 and dsRNA, resulting in the formation of numerous shorter filaments. This
process enhances the cooperative assembly and activation of MDA5 on these shorter
stretches of dsRN@Bruns et al., 2014)

1.4.2 Endogenous dsRNAscognizedby MDAS

The connection between ADAR1 deficiency and MDAS activation has beenistsdbl
through mouse genetic models, as previously described. Biochemical evidence supporting this
relationship is provided by RNase protection assays, which demonstrate that MDAS targets
irAlu as its primary endogenous ligand. Normally, MDAS5 does not nem@Alu due to its
sensitivity to structural irregularities, such as mismatches, loops, or bulges present in these
RNA sequences. Moreover, the ADAR1 mediatéd-lPediting of irAlu RNA can introduce
more structural irregularities by weakening Wats@rck base pairing. This serves as a
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regulatory mechanism to prevent MDA5 from inappropriately activating in response to
cellular seHRNA. However, in the absence efcAl editing by ADAR1, or when MDAS harbors
gainof-function mutations, it can bypass ithregulatory mechanism and recognize irAlu
(Ahmad et al., 2018)This aberrant recognition of endogenous RNA by MDAS5 dggetr
excessive and inappropriate activation of interferon signaling, resulting in undesirable
immune responses. Such dysregulation may contribute to the pathogenesis of a wide range
of inflammatory disordergRice et al., 2014)

In addition to irAlu RNA, MDAS5 signaling can also be activated by other endogenous RNA
species, including mislocalized mitochondrial dsSRNA (mtRNA). The lossoofiandrial
enzymes SUV3 or PNPase, which play a crucial role in the degradation of mtRNA, can result in
the abnormal accumulation of these mitochondrial RNA species in the cytoplasm. This
accumulation ultimately leads to the aberrant activation of typ@terferon signaling via

MDADS activation. Currently, it is not known how mtRNA gains access to the cfisokt

al., 2018)

Another class of immunogenic dsRNA that activates MDA5 originates fromataizl
antisense transcripts (eNATSs). These complementary RNAs are transcribed from partially
overlapping sequences on opposing DNrArgls within the same genomic loc(Rehwinkel

and Mehdipour, 2024)Unlike irAlus, ciblATs form perfectly dsRNA with an average length
of 600 base pairs, making them more suitable ligafad MDAS activatioLi etal., 2022)

Genomewide association studies have identified-Bi&T editing as a potential mechanism
underlying genetic variants linked to common inflammatory conditions. In vitro experiments
demonstrated that MDA5 could form filaments on -Bl&Ts, with ifament lengths
significantly reduced when the RNA was-padited with ADARL1. Transfecting-8l&Ts into

cells deficient in functional ADAR1 editing led to enhanced expression of ISGs, driven by the
increased expression of MDADB. In contrast, transfectibthe same cidNATSs into wildype

cells resulted in a reduced immune response. These experiments highlight the potent ability
of CisNATSs to induce MDA&ependent immune activatiofLi et al., 2022)

It is important to note that mMtRNA and eMATs are relatively rare within the geme,
typically expressing under specific conditions associated with various diseases. In contrast,
irAlus represents the most abundant endogenous dsRNA targeted by MDADS.

1.5 ADAR1 implication in humadiseases

1.5.1 Autoimmune disorders

Mutations in the ADAR1 geneeaassociated with impaired protein function, which can lead
to the development of autoimmune disorders. Notable examples include AiGudtieres
syndrome, dyschromatosis symmetrica hereditaria, and systemic lupus erythematosus.

AicardiGoutiéres syndrom (AGS) is a rare genetic autoimmune disorder that can present
with a diverse range of symptoms, including severe neurological impairments, skin lesions,
and systemic autoimmune features. AGS is caused by mutations in various genes associated
with type | FNs signaling pathways, leading to interferonopatliies and Ying, 2023)

Seveal mutations in the ADAR1 gene have been identified in patients with AGS. ADAR1
mediated Ato-I RNA editing serves as a suppressor of type | IFNs signaling, and it has been
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proposed that impaired ADAR1 function results in increased immunostimulatory dsRNA
which activates innate immune response pathwéigie et al., 2012Most ADAR1 mutations

are found in the deaminase donmaiamong with the most commonly reported mutation
P193A, locatedinthedZz R2YI Ay Ay | KSGSNRT &@32dza YI yy SN
with other variants in the deaminase domain. In knacknouse models harboring this point
mutation (in mouse AdaP195A), the mutation is well tolerated, and the animals are viable.

In contrast, when the P195A mutation is combined with a complete loss of ADARL1 gene, the
mice exhibit a reduced lifespan and abnormalities in the spleen, kidney, as well as increased
expression of ISGs. Notably, these defects can be rescued by deleting either the MDAS or PKR
genes. This observation may help explain the absence of homozygous mutations in the ADAR1
Zd R2YFAY F2dzyR A yGubd@ 4l 2023;(Liarg ¢t éla 20Z82MaiRana & al.,
2021)

The effects of mutations located in the deaminase domdirthe ADAR1 enzyme were
assessed through biochemical experiments, providing deeper mechanistic insights into the
enzyme's properties. These mutations can be classified into different categories based on
their impact on enzyme function. The first group camps residues at the proteiRNA
binding interface, including R892H, G1007R, and K999N, the latter being located near the 5'
loop. The G1007R mutation, situated in the -GlGly basdlipping loop, has the most
detrimental impact on enzyme catalytic adty. Additionally, its inhibitory effect may arise
from interference with the dimerization interface, as the presence of arginine may clash with
neighboring residues. R892H affects the deamination reaction by impairing the stabilization
of the flipped ba&e, as this stabilization may be distrupted by less optimal binding resulting
from the insertion of histidine. The second category includes the mutations Y1112F and
K999N, also located near the 5' binding loop. Mutations in this category have been shown to
have a mild effect on enzyme activity, with observations being substia@te context
dependent(Karki et al., 2024)The final category encompasses residues A870T and 1872T,
found in the internal region of the protein. They can shift positioning of the lyiata
glutamate residugFisher and Beal, 201{Hig.14)
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Figurel4 AGS mutations mapped in ADAR1 deaminase model bound to dsRNA.
Figure was downloaetl from(Karki et al., 2024)
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A. The positions of mutations in the ADAR1 domains found in AGS patients with asterisks denoting
mutations found together with P193A

B. ADAR1 deaminase Rosetta model with dsRNA, showcasing highlighted mutations. This model was
generaed in a recent study fronPark et al., 2020)

Dyschromatosis symmetrica heréatia (DSH) is a skin pigment disorder characterized by the
presence of both hypopigmented and hyperpigmented macules and patches on the face, and
dorsal side of hands and feet. Similar to AGS, DSH is associated with mutations in the ADAR1
gene, with appraimately 180 mutations identified to dai®a et al., 2023; Miyamura et al.,

2003) Recently, a case was reported invotyia 6yearold female patient with a known
history of AGS who also presented with symptoms of DSH. The diagnosis of AGS can be
challenging due to its diverse symptoms and the absence of a systematic description of the
disease. However, the more apparerftects of DSH symptoms may help in facilitating an
earlier diagnosis of AG8hmed et al., 2024)

Systemic lupus erythematos§SLE) is characterized by an abnormal immune response to
autoantigens within the body, leading to symptoms such as joint pain, skin rashes, and
fatigue. ADAR1 may contribute to the pathogenesis of SLE through its catalytic activity.
Patients with SLE shoslevated levels of A0-I RNA editing, which correlates with increased
expression of ADAR1, particularly in those with high levels of ISGs. RNA editing can result in
the formation of edited peptides that may function as MHC class | epitopes, potentially
triggering an immune respongRoth et al., 2018)

1.5.2 ADARIrole in cancers

ADAR1 may have pancogenic effects in various cancers due to its role in preventing dsRNA
sensing pathways. While immune checkpoint therapies have emerged as an eftectosr
treatment approach, many patients do not respond favorably. Interestingly, in a screening
study to identify factors that could sensitize cancers to be more vulnerable to killing by
cytotoxic T cells, ADAR1 was found to be a top hit candidate agraléiple murine cancer
models(Lawson et al., 2020)

Loss of ADAR1 function, achieved through knockdown of APAKIL in tumor cells,
improves responses to PDblockade and overcomes commoreahmanisms of resistance to
immunotherapy. This effect is associated with the activation of the MBIAYS sensing
pathway, leading to the induction of interferon and the inflammation of the tumor
microenvironment, resulting in reduced tumor growth. Alterivaly, tumor growth can also

be inhibited through the induction of apoptosis via the PKR pathirgnjzuka et al., 2019; Liu

et al.,, 2019) Increased expression of ADAR1 has been found to negatively impact ZBP1
mediated PANoptosis, which can iniiitumor growth and influence cancer development and
progression in a beneficial mann@arki et al., 2021; Zhang et al., 2022)

1.6 ADARIevolution

The evolution of ADAR has been analyzed through sequencing methods and the identification
of Ato-l editing events. By profiling the RNA editomes across the phylogeny of H¢ibzoa
group that includes animals and their closest unicellular relatives), it was observed that RNA
editing was present in the last common ancestor (LCA) of extant metazoans, with the
presence of ADAR1 or ADAR2 homol@gisce and Degnan, 2015; Porath et al., 2017; Zhang
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et al., 2023) The first ADAR gene likely evolved from ADAT (@$Heaific adenosine
deaminase) through the acquisitiari dsRBDs, which allowed it to work on dsRNA substrates
(Grice and Degnan, 2015; Keegan et al., 2004)

Across the vast majority of studied metazoans, repetitive elements were found to be the
primary targets of Ao- RNA editing. The hypediting of repeatderived dsRNA appears to

be an ancient phenomenon, present in the LCA of extant metazoans. Fudherm
evolutionary analysis revealed conserved substrate preferences for -AlztiRted editing,

such as the 5' neighboring nucleotide, which was shown to have greater impact on editing
selectivity(Zhang et al., 2023)

ADARmediated Ato-I RNA editing functions as a widespread regulatory mechanism involved
in both transposon safeguarding and antiseimsediated gene rgulation across metazoans.
Notably, the evolution of RLRs has also originated in metazoans, highlighting the connection
between RNA editing and innate immune responses. Additionally, RNA editing enables host
organisms to better tolerate the integration ofew mobile elements, which can replicate
rapidly over relatively short evolutionary timescal@dukherjee et al., 2014; Porath et al.,
2017; Zhang et al., 2023)

A compelling example that illustrates the conserved functions of AédRated editing can

be observed in the comparison between mouse and humans. Despite the absence of the
immunostimulatoryirAlu repeats present in the human genome, the immunosuppressive role
of ADAR1 remains conserved in mice.

1.6.1 ADAR in Pacifioysters

ADAR homologs have also been identified in Pacific oysters (Crassostrea gigas, also known as
Magallana gigas). Specificallwothomologs of ADAR1 and one homolog of ADAR2 have been
characterized. Notably, these ADAR homologs primarily targetcoding elements within

the genome, particularly repetitive sequences, which is consistent with the conservation of
ADAR functions obseed across different speci¢Rosani et al., 2019; Zhang et al., 2023)

Ostreid herpesvirud (OsHW) is a highly infectious virus that significantly impacts bivalve
species, particularly Pacific oysters. The mogaliite associated with OsHVinfection can

be very high, ranging from 50% to 100% in both juvenile and adult oysters, with younger and
smaller individuals exhibiting greater vulnerability to the disease. This virus poses a serious
threat to oyster populabns worldwide, resulting in substantial losses in aquaculture. It
spreads primarily through direct contact with infected shellfi€ing et al., 2019; Mandas and
Salati, 2017)

Elevated levels of-#0-1 RNA editing were observed during OsHWifection, with correlated
upregulation of ADAR. This suggests that the ADAR enzyme may play a roleystére
response to OsHY infection. The role of ADAR in this context remains un¢iRasani et al.,
2022, 2019)
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2 Aims andobjectives

2.1 Biochemical andstructural insights into ADAR1 substrate selectivity
properties

ADARL is broadly expressed across various tissues and plays a crucial role in regulating
pathways assdated with innate immune responses. Itstédl editing activity is widely
distributed throughout the human genome, exhibiting diverse editing efficiencies.
Dysregulation of this editing process has been linked to various diseases. Despite its
importance,the molecular mechanisms guiding ADAR1's substrate selectivity remain largely
unexplored, with much of the current understanding based on comparisons to the more
extensively studied ADAR2.

While some functional differences between these two enzymes caattobuted to their
distinct cellular localization or expression patterns, previous research has highlighted
significant differences in their substrate selectivity properties. For instance, they exhibit
different editing offsets due to structural disruptis, which arise from the unique
architecture of their RNA binding domai(@ambraneMila et al., 2023)Moreover, evidence
suggests that thedtctors influencing ADAR1's substrate selectivity are complex and often
reliant on the sequence and structure of the RNA substrate, making it impossible to reduce
them to simple determinants. This complexity underscores the need for more thorough
investigatons into the specific mechanisms that drive ADAR1's substrate recognition and
editing capabilities.

By combining structural and biochemical studies, we can gain a deeper understanding of the
substrate seectivity properties of ADARIThis can be accomgptied by examining the
structures of ADARL1 isoforms in complex with various RNA substrates, which will ultimately
improve our understanding of RNA recognition at the molecular level. Structural studies are
crucial for understanding how the fdkbngth ADARENnzyme aligns its domains with specific
RNA features and how these domains interact to facilitate substrate selectivity. Furthermore,
the role of ADAR1 dimerization is not well understood, and structural data could illuminate
how the formation of dimers iftuences substrate selectivity.

Gaining structural insights into ADAR1 could also aid in the development of potent inhibitors
targeting its catalytic or binding functions, an area of considerable interest within the
pharmaceutical industry. Research haswh that inhibiting ADAR1 can enhance the efficacy
of immune checkpoint inhibitors in certain cancer therapies. Furthermore, structural
information could assist in designing more effective ABD@dRuiting therapeutics aimed at
correcting diseaseausing mtations at the RNA level through ADAR's recoding capabilities.

Objectives:
Optimization of ADAR1 purification protocol

Current literature has established a purification protocol for ADARZ2, which can be successfully
overexpressed in yeast or insect expiieassystems, producing substantial amounts of the
active enzymdgCho et al., 2003; Keegan et al., 2007; Macbeth and Bass,. 20@0Ontrast
ADAR1 presents greater challenges, and purification protocols for it are quite limited.
Although ADARL1 is stable when purified from tissues, the yields are significantly low, only
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while obtaining sufficient overexpression of ADARL1 is inherently complex, it becomes even
more difficult with the longer isoform, ADAR1 p150. &0 bnly selected isolated individual

domains of ADAR1 have been successfully purified, rather than théerigth protein.

Therefore, the initial steps of this project will focus on optimizing the purification protocol for
ADARL. The activity of the piied protein will be assessed using an editing assay.

Reconstitution and biochemical characterization of ADABIRNA complex

In the initial phase, multiple substrates will be designed and synthesized using in vitro
transcription. Once this is accomplishetie optimization of complex formation will be
carried out to identify the optimal conditions that yield a stable complex suitable for structural
analysis. The complex will be examined by employing binding techniques like Electrophoretic
Mobility Shift Asay (EMSA) or by assessing binding affinities through fluorescence anisotropy
with fluorescently labeled substrates. Reconstituting ADAR1/dsRNA complexes will provide
insights into whether there are variations in the binding affinities of specific RNAratdsst

for the ADAR1 p110 and p150 isoforms.

Structural characterization of ADAR1 bound to dsRNA

The structure of the ADABSRNA complex will be determined using CryoEM, which offers
several advantages compared to traditional structure determination roé¢h It enables the
acquisition of structural information for dynamic and flexible complexes, making it
particularly useful for investigating the ADAR1/dsRNA complex, which can undergo various
conformational changes. Furthermore, ADAR1 contains sevekabl#eregions between its
domains, which would likely pose significant challenges for crystallization. Unlike
conventional methods, CryoEM does not require large sample sizes or crystalline forms.
Additionally, this technique provides the capability to wakze different protein
conformations, which might be crucial for a comprehensive understanding of ADAR1
substrate recognition and editing.

Initially, the ADAR1/dsRNA sample will be evaluated using negative staining and room
temperature electron microscgpto confirm its homogeneity and to check for contaminants
that might interfere with CryoEM data processing. Following this, CryoEM samples will be
prepared, testing various conditions. Screening will be performed with a 200 keV electron
microscope, duringvhich the complex will be examined for aggregates, particle distribution,
sample concentration, and uniformity of ice thickness across the grid. Once an appropriate
sample is identified, data collection will proceed with a 300 keV electron microscopealibee
high-resolution data acquisition. The resulting data will then be subjected to computational
analysis to elucidate the thregimensional structure of the complex. Achieving natomic
resolution will facilitate a deeper understanding of the molecut@echanisms involved in
ADARL1 substrate recognition and editing.
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2.2 Investigatingthe in vitro editing activity of ADAR in Pacific oysters

ADAR is found in all metazoan species and has been identified in bivalves, such as Pacific
oysters, where it exhibdt elevated expression levels in response to G§HAfal infection.
ADAR expression andtéx| editing functions still need to be fully understood in this context.
While there is evidence of editing activity in vivo, it remains uncertain whether the protei
can also function effectively in vitro. The activity of ADAR can be evaluated through in vitro
editing reactions, which can then be analyzed using either Sanger or nanopore sequencing.
Sanger sequencing is a wefltablished technique for detecting moifl inosines, whereas
nanopore sequencing, capable of monitoring editing levels in individual RNA molecules, is still
under active development. The implementation of hanopore sequencing protocols requires
careful optimization, and the method is still eviolg in terms of equipment improvements

and the advancement of bioinformatics pipelines, including the use of machine learning
approachegChen et al., 2023; Nguyen et al., 20283 a result, nanopore sequencing is not

yet as widely adopted by research groups, as it requires spesmalools that may not be
readily available.

Objectives:
To this end, oyster ADAR will be purified using established protocols adapted from human

ADAR. The protein's in vitro activity will be evaluated using Sanger sequencing, comparing its
performance tothat of human ADARSs. Following this, the samples will undergo analysis via
nanopore sequencing, which will require careful optimization based on existing published
research.

2.3 MDADS interactionwith its endogenous target irAlu repeats
Structural charactezation of MDA5- irAlu filaments

irAlu has been identified as the most abundant endogenous target for MDA5 activation
(Ahma et al., 2018) However, the mechanism by which MDAS5 interacts with dsRNA
containing structural irregularities remains elusive. To date, structural information has only
been provided for perfectly complementary dsRNA, leaving a gap in our understantiog o
MDADS recognizes and binds to irregular RNA struct(vés et al., 2013a; Yu et al., 2018a,
2021) Currently, the available data on studying the MBEW8u interaction are limited to the
analysis of filament length and frequen¢hmad et al., 2018)Structural analysis of the
MDASirAlu complex could provide valuable insights into their interaction.

Objectives:
To structually characterize the MDABAIu filaments, the experimental approach will involve

several key steps. The first step will focus on optimizing in vitro transcription of various irAlu
repeats. Following this, filaments formation will be optimized using negastaining
techniques together with binding methods. The experimental setup will incorporate ATP to
simulate cellular conditions. Once stable and homogeneous filament formation is achieved,
structural analysis will be conducted using GEM.
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Impact of A-to-1 editing on MDAJS interactions with irAlu

Previous studies have demonstrated that ADARRpendent editing of endogenous irAlu
repeats suppresses MDADS filament formation and subsequent activation of immune sensing
signaling(Ahmad et al., 2018lannion et al., 2014)However, the precise mechanism by
which inosines within these imperfect RNA duplex structures interfere with MDAS association
remains unclear. One hypothesis is that RNA editing destabilizes the dsRNA structure by
modifying A:U pas, potentially resulting in less stable bonding pediting. Interestingly,
ADARL1 has been shown to preferentially target A:C mismatches, which can actually enhance
the stability of the RNA duplg¥Vong et al., 2001; Wright et al., 2028)07)

Moreover, highthroughput sequencing studies have shown that ADAR1 editing within
repetitive elements, including irAlu sites, is generally low, often beloBE##ak eal., 2014)

In light of these findings, it would be beneficial to investigate the effects of isolated, in vitro
edited irAlu on MDA5 binding properties, as this could provide valuable insights into the
functional implications of ADARfediated editing.

Objectives:

To explore the effects of -fo-lI editing on the binding of MDAS5 to irAlu repeats, the
experimental approach will involve conducting an editing assay using purified ADAR enzymes
on the synthesized irAlu repeats. Following the editing procesdjrgrinteractions between
MDAS and the modified irAlu repeats will be examined in comparison teeaiied RNA.
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3 Materialsand methods
3.1 Molecularcloning

3.1.1 DNAagarosegel

Agarose (PeqGold Universal agarose, VWR) was dissolved to a finalticdrareof 1% (w/v)

in 1x TAE (TrHacetateEDTA) buffer by heating it in a microwave. SYBR Safe (Thermo Fisher
Scientific) was added (1.5 pl for every 50 ml of gel), and the gel was poured into a cassette
with the appropriate comb and left to polymerizelly. DNA samples were mixed with a 6x

DNA loading dye (NEB), loaded into the gel, and run for 30 minutes (min) at 130 V in 1x TAE.
A 1 Kb Plus DNA ladder (Thermo Fisher) was loaded alongside the samples. Gels were imaged
using a Quantum UV imager (Vilher

3.1.2 InFusioncloning

Primers to amplify the insert were designed with aZbnucleotide flanking sequence that
matches the vector insertion site. Inserts were amplified using -hidglity Q5 DNA
polymerase according to the manufacturer's instructions (N&Bctors were linearized by

PCR or treatment with restriction enzymes. Annealing temperatures were calculated using
GKS b9.u /1 fOdA FG2NXP 5b! T NI TA, folowed BBl NIHzy
extraction using the QIAquick Gel Extraction(Riagen). DNA concentration was measured

with a Nanodrop 2000 (Thermo Fisher Scientific) using a Nucleic Acids module. A total of 50
ng of insert and 100 ng of vector were mixed with 0.5 pl eéfuision Cloning Kit (Takara Bio)

in a final volume of 10 pnd incubated for 30 min at 50 °C. 2 pl of the ligated DNA was
transformed into XL10 Gold or D#HE. colchemically competent cells by heat shock for 45 s

at 42 °C. 1 ml of LB (Lysogeny Broth) media was added, and the cells were recovered for 45
min at 3 °C with shaking at 300 RPM. Bacteria were plated esghBse plates with the
appropriate antibiotic for plasmid resistance. Bacterial colonies were cultured overnight (ON)
at 37 °C. Plasmid DNA from positive colonies was grown in LB media with tlog@ger
antibiotic ON at 37 °C with shaking at 200 RPM. It was then extracted using the Plasmid DNA
Mini Kit | (Omega Biotek). Regions containing inserts were sequenced using Sanger
sequencing (Microsynth). The list of vectors and competent cells useddoing can be

found in Tables 1 and 2.

3.1.3 Site-directed mutagenesis

The mutations in the plasmid were introduced using an aretiredhorn approach. 5' end
phosphorylated primers containing the desired mutations were used to amplify plasmid DNA.
The primersvere positioned adjacent to each other at the 5' end. The-naurtated plasmid
template was removed by treatment with Dpnl (NEB) for 1 hour at 37 °C. The DNA product
was purified through gel extraction and ligated using T4 DNA ligase (NEB) by incuba@ing DN
for 2 hours at room temperature (RT). The DNA was transformed intoEXChlicompetent

cells. Subsequent steps were performed in the same manner as described in InFusion cloning.
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Bacteria strain Genotype Purpose
DH 02 Y LIS T K dzlargflatZ)U169 phoA gInV44  For cloning and plasmid

E. Coli synpotl O%Oamp 3@ Namplification

endAl thil hsdR17
XL10 Gold endAl ginV44 recAl #1i gyrA96 relAl For cloning
ultracompetent fFrO 1G4S noYONHIMRY
E.coli YNNOmMTO GSiw UL

Tn10(TetR Amy CmR)]
DH1G 9a . I CFmct mrshsdRMSncBC) For producing bacmid DN.
E.coli U ylaczn a mlpcX7drecAlendAl for insect cell expression

arab M 0 dara, fe 7697galU galY - <
rpsL nupG/pMON14272/pMON7124

Tablel List of used bacteria strains.
The competent cells were preparediiouse by Anita Testa Salmazo

Vector name Details Vector resistance Purpose
438A pFastBac subcloning vector featuring Ampicillin For insect cell
Histidine tag for the expression of expression

proteins in irsect cells utilizing the Ba
to-Bac baculovirus system.

438C pFastBac subcloning vector featuring Ampicillin For insect cell
Histiding tag and MBP (maltose expression
binding protein) for the expression of
proteins in insect cells utilizing the Bz
to-Bac baculovirus system.

438His-CDS pFastBac subcloning vector featuring Ampidllin For insect cell
-TwinStrep  Histiding and TwinStrep tags for the expression
expression of proteins in insect cells
utilizing the Bago-Bac baculovirus

system.

'pHDV ‘Modified pSP64 vector (Promega) fo Ampicillin For in vitro
cloning RNA templates for in vitro transcription of
transcription; includes T7 promoter RNAs containin
and hepatitis delta virus (HDV) homogenous3'
ribozyme. ends

pCAGGS Eukaryotic expression vector Ampicillin For mammaliar
containing a cytomegalovirus (CMV) cell expression

enhancer, the strong chickendttin
promoter followed by a chicken-&ctin
intron sequence.
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pcDNA3.1  Eukaryotic expression vector Ampicillin For mammaliar
containing a cytomegalovirus (CMV) cell expression
enhancerpromoter.

Table2 List of used vectors.

3.1.4 Produced plasmids

In the presented thesis, several plasmids were created and produced. The protéirg
sequences used in this work are as follows:

Protein Sequence accession number

ADAR1 p110 Uniprot P55265%

ADAR1 p150 Uniprot P55265L

ny2® ! 51 wwmUniprot P552685L, with deletion of the initial no. of amino acids
ADAR2 Uniprot P785632

ab! p n/ ! wb5Uniprot QOBYX4 with deletion of the initial 286 amino acids
CgADAR1v NCBI XP_065945010.1

Table3 List of the accession number for protetoding sequences.

Plasmids for mammalian cell expression

pCAGGS HiADAR1 p11dwinStrep pCAGGS Hip 0 0 !
pCAGGS Hi®\DAR1 p150winStrep pCAGGS Hig T y I WwinStrép p n
pcDNAS3.1 HisADAR1 p11dwinStrep pCAGGS Higt m 0 0 5 I-WwmnStrejm p n
pcDNAS3.1 HisADAR1 p150winStrep pCAGGS Hig mo o ! 5 I-wmaStrejm p n
pCAGGS Bin Mo o ! 5 !-dimer niularg n
(V747A, D748Q, W768V, C773SyinStrep

WwinStrép p 1

5
5
!

Plasmids for insect cell expression

438A ADAR1 p110 438 Hig-TwinStrepADAR1 p150
438C ADAR1 p110 438 Hig-TwinStrepADAR1 p150
438 Hig-TwinStrepADAR1 p110 438 Hig-ADAR1 p150winStrep
438 Hig-ADAR1 p11dwinStrep 438A ADAR?2

438-A ADAR1 p150 438A CgADAR1v

438-C ADAR1 p150 438/ ab5!p n/ ! whHa
Plasmids for in vitro transcription templates production

pHDV 5HT2C pHDV irAlu NICN1 FL

pHDV 5HT2C editing pHDV irAlu NICN1 A sens
pHDV Gria2 R/G pHDV irAlu NICN1 A antisense
pHDV Gria2 R/G editing pHDV irAlu NICN1 C

pHDV NEIL1 pHDV irAlu NICN1 D

pHDV NEIL1 editing pHDH irAlu BPNT1 FL

pHDV AJUBA pHDH irAlu BPNT1 A

pHDV TTYH2 pHDH irAlu BPNT1 B

pHDV TTYH2 editing
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Table4 List of produced plasmids.
RNA sequences are provided in the Appendix data.

3.2 Protein purification methods

3.2.1 Protein expression

3.2.1.1 Insectcell expression system
Proteincoding sequences were cloned into modified pFastBac 438 vePlasnid DNA was
electrotransformed intoDHIM 9 a . E.6li0OSt ta |yR LXFGSR 2y [. |3
ASYy Gl YAOAYS on >3kYt {lylYeOAiGaransmbhmMIBTGYt (S
Colonies were grown for 48 hours at 37 °C. Bacmid DNA wlaseis from white colonies,
and the presence of the gene insert was verified by a PCR reaction. Positive clones were
transfected into Sf9 insect cells cultured 98D 1l SFM media at 27 °C using Fugene
transfection reagent (Promega). Media containiragbloviruses (VO) was collected after 48
72 hours and further amplified in Sf9 suspension culture in the same media with shaking at
125 RPM (V1). Protein expression was carried out in High Five cells (Thermo Fisher Scientific)
cultured in ESF21 media (OrddExpression Technologies) by infecting them with V1 pretein
containing baculoviruses. Cells were grown foi728hours at 27 °C with shaking at 125 RPM,
harvested by centrifugation, and stored-80 °C until needed.

3.2.1.2 Mammalian cell expression system
Protein coding sequences were cloned into pCAGGS or pcDNA3.1 vectors. Proteins were
transiently expressed in Expi293F mammalian cells (Thermo Fisher Scientific) maintained at
37 °C, 8% CGh Expi293 media (Thermo Fisher Scientific) with shaking at 125G#swere
transfected using appropriate plasmid purified with NucleoBond Xtra Maxi kit (Macherey
Nagel) and PEI (a linear polyethylenimine, Thermo Scientific). Following transfection the
cells were cultured for 428 hours, harvested by centrifugatipand stored at80 °C until
needed.

3.2.2 Proteinanalysis

3.2.2.1 SDSPage gel electrophoresis
Purified proteins or cell lysates were mixed with 5x -PB&E loading buffer to a final
concentration of 1x (5x LB: 250 mM THEI(pH 7.0 at 250, 30% (v/v) glycerpb% SDS,
0.025% (w/v) bromophenol blue, 5% (v/v) beteercaptoethanol), boiled for 5 min at 95 °C
and loaded onto Bolt-42% BisIris Plus Gels (Thermo Fisher Scientific). The gel was run in a
1x MOPS buffer (Thermo Fisher Scientific) for 50 min at gamnsoltage of 170V. Precision
Plus Protein Dual Color Standard$Poecision Plus Protein Unstained Protein Standards (Bio
Rad) were loaded alongside the samples. Gels were stained with InstantBlue® Coomassie
Protein Stain (Abcam) and imaged using & gmanner (CANON 9000F M II, Reichelt
Elektronik).

3.2.2.2 Measuring protein concentration
Protein concentration was measured with a Nanodrop 2000 (Thermo Fisher Scientific) using
a Protein A280 nm module. The instrument was blanked with a protein storage launiier
the concentration was calculated based on the extinction coefficient calculated by the
ProtParam tool (Expasy).
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3.2.2.3 Western blot against Histag
The protein samples were prepared as described in the-FSASE gel electrophoresis
protocol. After the run wa completed, proteins were transferred to a PVDF Transfer
Membrane (Thermo Fisher Scientific) activated in 100% methanol using a Mini Blot Module
(Fisher Scientific) in 1x Bolt Transfer Buffer (Thermo Fisher Scientific). The protein transfer
was conductecccording to the manufacturer's guidelines. The membrane was blocked with
5% (w/v) milk (Lactan) in the PBSbuffer which consists of phosphabeffered saline
supplemented with 0.1% (v/v) Twe&l®. The blocking step was carried out for 1 hour at RT.
Themembrane was then incubated with adtiis antibodies conjugated with HRP (Miltenyi
Biotec) diluted to 1:10 000 in 1% (w/v) milk/RBSThis incubation also took place at RT for 1
hour. To remove any unbound antibodies, the membrane was rinsed five tinleBIST,
with each wash lasting approximately 5 min. Proteins were detected by applying
{dzZLISNI A3yl tun 2Sad tA02 t[!{ [/ KSYAfdzYAySaoSy
membrane, and the signal was visualized using a GelDoc Go Gel Imaging 8ysRau)
with careful attention to adjusting the exposure time to prevent oversaturation of the signal,
ensuring clear and accurate protein band detection.

3.2.3 Optimization of ADARDurification protocol

3.2.3.1 Expressioroptimization in mammalian cells
To determire the expression vector for mammalian cells, Expi293F cells were transfected with
either a pcDNA3.1 or pCAGGS plasmid containing ADAR1 p110 or pl150 (pCAGGS His
TwinStrepADAR1 or pcDNA3.1 HiBwinStrepADAR1). Cell expression was conducted in a
25 ml smdl-scale culture as described above. Two cell densities were tested during the
transfection- 1x1@ or 3x1(® cells/ml. The viable cell count was measured after 48 hours of
expression, and 1.5x 1@ells were collected, mixed with 5x SBAGE loading buffeboiled
for 5 min at 95 °C, and analyzed using-BBSE gel electrophoresis.

ADAR1 p110 or p150 (pCAGGSHMBARITWInStrep) were transiently expressed in Expi293F
cells to optimize the expression time. A 100 pl cell suspension was collected aftdr, 286, 2
41, 45, 50, 65, 69, and 74 hours, mixed with 5x-BRSE loading buffer, boiled for 5 min at
95 °C and stored a20 °C until use. A western blot against thesltfig was employed to assess
the protein expression level. The expression time was aeiteed based on the intensities of
the detected bands, measured using the ImageJ gel analysis tool (ImageJ version 1.52k).

3.2.3.2 Buffer screening foprotein solubility
The initial buffer optimization was performed using homemade buffers with pH values
rangingfrom 3 to 10. All buffers included 200 mM NaCl and 1 mM DTT, and some contained
25 U of benzonase (Merck). A list of thetegsbuffers is provided in theable 5. Tests were
conducted using HISMBRADAR1 p150 expressed in High Five insect cells. Foc@adition,
a total of 10x16cells were suspended in 800 pl of buffer, sonicated, and incubated on ice for
30 min. A 20 pl sample was saved for FIA&E analysis (total lysate). The cells were then
centrifuged to clarify the lysates, and another sample ®DSPAGE was prepared
(supernatant). To evaluate protein solubility, samples were analyzed byPABE gel
electrophoresis as described above.

Buffer composition

50 mM Glycine pH 3.0, 200 MM NaCl, 1 mM DTT
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1x SPG pH 4.0, 200 mM NaCl, 1mM DTT

50 mM ME$H 6.0, 200 mM NaCl, 1 mM DTT

1x SPG pH 4.0, 200 mM NaCl, 1 mM DTT

1x SPG pH 4.0, 200 mM NaCl, 1 mM DTT, 25U benzonast
50 mM PIPES pH 7.0, 200 mM NaCl, 1 mM DTT |
50 mM sodium phosphate pH 7.5, 200 mM NaCl, 1 mM D1
50 mM TrisHCI pH 8.0, 200 mM NaCImM DTT

1x SPG pH 10.0, 200 mM NaCl, 1 mM DTT

Table5 Buffer list used for the initial protein solubility screen.

The next round of the buffer solubility test was performed using thermal unfolding with
nanoDSF Prometheus techiogy. The buffer screening was feasible after acquiring ADAR1
pl10 at high purity from the mammalian expression system. The protein viaedliin
various buffers (Fig. )80 a final concentration of 0.18 mg/ml and loaded into standard
capillaries. Protai solubility was assessed by measuring two wavelengths, 330 and 350 nm,
and plotting their ratio against temperature.

Buffer - Anions screen (96 wells)

1+4
pH2 pH 3 pH4 pHS5 pH 6 pH7 pH8 pH9 pH 10 pH 11 pH 12
A H20 maleate | glycine | formate citrate |cacodylate] HEPES bicine CHES borate CAPS |phosphate]
250 mM | 500 mM | 500 mM | 500 mM | 500 mM ]| 500 mM | 500 mM | 500 mM | 250 mM | 500 mM | 500 mM
pH 4.0 pH4.5 | pH5.0 | pH55 | pH6.0 | pH6.5 pH7.0 | pH7.5 pH8.0 | pH8.S5 pH9.0 | pH9.5
i B acetate | acetate | acetate MES MES MES | Na-phosphate| K-phosphate | Tris/HCI | Tris/HCI | glycine | glycine
od 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM | 500 mM
E pH 6.0 pH7.0 pH 8.0
a C 500 mM MES 500 mM Na-phosphate 500mM Tris
0.5M NaCl|] 1M NaCl 2.5 M NaCl] 5 M NaCl | 0.5M NaCl] 1M NaCl 2.5 M NaClj4.6 M NaClj 0.5M NaCl| 1M NacCl J2.5 M NaCl] 5M NacCl
pH 7.5 pH7.5 | pH7.5 | pHZS5 | pH7.5
D std buffer 1 | std buffer 2 | std buffer 3 | std buffer4| imidazole | tween glycerol bME DMSO | Trehalose| Arg + Glu EDTA
1M 0.25% 25% 25mM | 25.00% 25% |P0+100 mf 25 mM
D std buffer 1 100 mM Tris, 750 mM Nacl, 0.5 mM CaCl2 7.4
std buffer 2 50 mM Hepes, 750 mM NaCl, 0.25% Tween 74
std buffer 3 PBS: 60mM PO4 (72 g/l Na2HP04.2H20, 12g/| KH2P0O4), 685 mM Nacl, 13.5 mM KCl 7.4
std buffer 4 PBS, 0.25% Tween 7.4

Figurel5 Buffers composition used in the protein solubility by thermal unfolding.

3.2.3.3 Optimized ADARL1 purificatio protocol
Recombinant ADAR1 was transiently expressed in Expi293F mammalian cells using the
pCAAGHIis-ADARITwinStrep plasmid with a 3C cleavage site between the tags.
purification procedure was conducted at 4 °C using an AKTA purification syGtgiva.
Approximately 1.5L of culture was lysed in Al lysis buffer containing 50 mM NERESpH
8.0 at 4°Q, 500 mM NacCl, 20% (v/v) glycerol, 1 mM DTT, and a protease inhibitor mix (1 mM
PMSF, 2 mM benzamidine, 1 uM leupeptin, 2 uM pepstatin), thaercated and subjected to
ultracentrifugation. The clarified lysate was loaded onto a HisTrap Excel 5 ml column (Cytiva)
equilibrated with lysis buffer, and unbound proteins were washed away with Al buffer 2 (50
mM HEPES8IaOH (pH 8.0 at A1), 500 mM NaCR0% (v/v) glycerol, 5 mM EDTA, 1 mM DTT)
containing 50 mM imidazole. Contaminating chaperones were removed with an Al lysis
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buffer containing 4 mM ATMIgCh. The protein was eluted with Al buffer 2 with a linear
gradient of 56 500 mM imidazole, then loadeonto a StrepTrap 1 ml column (Cytiva)
equilibrated with Al buffer 2 and eluted with Al buffer 3 (50 mM HER&S3H (pH 8.0 at 4

°Q, 500 mM NacCl, 20% (v/v) glycerol, 1 mM EDTA, 1 mM DTT, 2.5 mM desthiobiotin). Affinity
tags were removed using homemade Bfbtease, and the protein was subjected to size
exclusion chromatography using a HiLoad 16/600 Superdex200 column (Cytiva) equilibrated
with A1 SEC buffer (50 mM HEPE®OH (pH 8.0 at 20, 350 mM NacCl, 15% (v/v) glycerol,

0.5 mM EDTA, 1 mM DTT). Fracsaontaining ADAR1 were concentrated with an Amicon
Ultra-4 concentrator (50 kDa cutoff), aliquoted, and stored&Q °C. The protein yield was
approximately 306600 pg per liter of cell culture.

3.2.4 ADARZurification protocol

The purification protocol wa®ptimized by Carrie Bernecky. Recombinant ADAR2 was
expressed in High Five insect cells by infecting them with V1 baculoviruses contaiging His
3GADAR?2. The purification procedure was conducted at 4 °C using an AKTA purification
system (Cytiva). Cells veelysed in A2 buffer 1 (50 mM HEREBDH (pH 7.5 at 4 °C), 500 mM
NaCl, 10% (v/v) glycerol, 1 mM DTT) supplemented with 30 mM imidazole and a protease
inhibitor mix (1 mM PMSF, 2 mM benzamidine, 1 uM leupeptin, 2 UM pepstatin), then
sonicated and ultracemnifuged. The clarified lysate was loaded onto a HisTrap 5 ml column
(Cytiva) equilibrated with the same buffer. Unbound proteins were washed away with A2
buffer 1 containing 50 mM imidazole, followed by a high salt wash (50 mM H¥E®ES (pH

7.5 at 4 °C)1 M NacCl, 10% (v/v) glycerol, 1 mM DTT). Protein was eluted in A2 buffer 2 (50
mM HEPESIaOH (pH 7.5 at 4 °C), 150 mM NacCl, 10% (v/v) glycerol, 1 mM DTT) containing
250 mM imidazole and loaded onto a HiTrap Heparin 5 ml column (Cytiva) equilibrated with
A2 buffer 3(50 mM HEPENaOH (pH 7.5 at 4C), 150 mM NacCl, 10% (v/v) glycerol, 1 mM
DTT), then eluted with a linear gradient from 150 mM to 1 M NaCl. Eluted fractions were
cleaved with homemade 3C protease, loaded for reverse HisTrap chromatographyyizad el
with A2 buffer 1 containing 50 mM imidazole. The eluted fractions were further purified via
size exclusion chromatography using a HiLoad 16/600 Superdex200 column (Cytiva)
equilibrated with A2 SEC buff&@0 mM HEPESaOH (pH 7.5 at4C), 300 mM NaC10% (v/v)
glycerol, 1 mM DTT). ADAR@ntaining fractions were concentrated using an Amicon Witra
concentrator (30 kDa cutoff), aliquoted, and stored -80 °C. The protein yield was
approximately 7 mg per liter of cell culture.

3.2.5 ADARL1/ADAR2 deaminaspurification protocol

Recombinant ADAR1 or ADAR2 deaminases were expressed in High Five insect cells by
infecting them with V1 baculoviruses containifgs-3GADAR deaminasé@.he purification
procedure was conducted at 4 °C using an AKTA purificatstens (Cytiva)Cells were lysed
under the same condition as described in the ADAR2 purification section. The clarified lysate
was loaded onto a HisTraprdl column (Cytiva) equilibrated with the A2 buffer 1 containing

30 mM imidazole. Unbound proteins weewashed away with A2 buffer 1 supplemented with

50 mM imidazole, followed by a high salt wash (50 mM HEBRESH (pH 7.5 at 20, 1 M

NaCl, 10% (v/v) glycerol, 1 mM DTT). Protein was eluted in A2 buffer 2 (50 mMMNHPHES

(pH 7.5 at £Q, 150 mM NacCl,@®%6 (v/v) glycerol, 1 mM DTT) using a linear gradient from 50
to 500 mM imidazole. It was then loaded onto a HiTrap Heparin 5 ml column (Cytiva)
equilibrated with A2 buffer 3 (50 mM HERE&OH (pH 7.5 at4), 10% (v/v) glycerol, 1 mM
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DTT), containing 50rd00 mM NaCl for ADAR1 and ADAR2 deaminases, respectively, and
subsequently eluted with a linear gradient up to 1 M NaCl. The eluted fractions were further
purified via size exclusion chromatography through multiple sample applications using a
Superdex75Iincrease 10/300 column (Cytiva) equilibrated with A2 SEC buffer. ADAR
deaminasecontaining fractions were concentrated using an Amicon Htcncentrator (30

kDa cutoff), aliquoted, and stored é80 °C. The protein yield was approximatel$ thg for
ADAR?2 deaminases and 1250 ug for ADAR1 deaminases per liter of cell culture.

3.2.6 Pacific oyster ADARurification protocol

Recombinant CJADAR1v was expressed in High Five insect cells by infecting them with V1
baculoviruses containingis-3GCgADAR1v and ssdguent purification steps were followed
as described in the ADAR2 purification protocol section.

3.27 a5! p n /purificatién protocol

The purification protocol was optimized by David Michalik, after which minor adjustments

were implemented. RecombinantMDp n/ ! w548 61 & SELINB&ASR Ay |
infecting them with V1 baculoviruses containingstBR3Ga 5! p np/ ! w5a® ¢ KS LJdz
procedure was conducted at 4 °C using an AKTA purification system (Cytiva). Cells were lysed
in M5 buffer 1 (50 M sodiumphosphate pH 6.0, 400 mM NaCl, 20% glycerol (v/v), 1 mM
DTT) supplemented with 20 mM imidazole and a protease inhibitor mix (1 mM PMSF, 2 mM
benzamidine, 1 pM leupeptin, 2 pM pepstatin), followed by sonication and
ultracentrifugation. The clarifet lysate was loaded onto a HisTrapnb column (Cytiva)
equilibrated with the same buffer. Unbound proteins were washed away with M5 buffer 1
and a high salt wash (50 mM sodityphosphate pH 6.0, 2 M NaCl, 20% glycerol (v/v), 30 mM
imidazole, 1 mM DTT). Caaminating chaperones were removed using M5 ATP buffer (50
mM sodiumphosphate pH 6.0, 100 mM NaCl, 20% glycerol (v/v), 30 mM imidazole, 3 mM
ATRMgC}, 1 mM DTT). Protein was eluted using M5 buffer 2 (50 mM BisTris (pH 6.5 at 4 °C),
400 mM NacCl, 20% glyoé (v/v), 1 mM DTT) with a linear gradient from 20 to 500 mM
imidazole. Fractions containing MDAS5 were pooled and dialyzed ON in M5 dialysis buffer (50
mM BisTris (pH 6.5 at 4 °C), 200 mM NaCl, 10% glycerol (v/v), 5 mi] Mg®l DTT) with

the addition d a homemade 3C protease and protein gpbatase 4 6t t Mmd 0 @ ¢ KS
protein was subjected to a HiTrap Heparimbcolumn (Cytiva) equilibrated with M5 buffer

3 (50 mM sodiunphosphate pH 6.0, 100 mM NacCl, 10% glycerol (v/v), 1 mM DTT) and eluted
with a linear gradient from 100 mM to 2 M B& Subsequently, the protein was loaded for
reverse HisTrap chromatography and eluted with M5 buffer 2 containing up to 40 mM
imidazole. The MDABontaining fractions were concentrated using an Amicon Uitra
concentrator (30 kDa cutoff) and further pfieid via size exclusion chromatography using a
Superdex75 Increase 10/300 column (Cytiva) equilibrated with M5 SEC buffer (50 mM BisTris
(pH 6.5 at 4 °C), 150 mM NacCl, 10% glycerol (v/v), 1 mM DTT). Protein was aliquoted, and
stored at-80 °C. The proteigield was approximately 4 mg per liter of cell culture.

[N

3.2.8 Testing the activity ovariousADAR proteins

RNA substrates used in the editing reactions had flanking sequences
GGUCUUGUCUCUGUGGUCUG/ CUCUCGUCGCGUUGUCCUU that were used for generating
the cDNA an@mplifying the PCR product.

34



For initial testing of various ADAR protein activities, RNA was refolded in 10 mMICIipH
8.0 at 25°Q, 50 mM NacCl, and 1 mM EDTA by heating for 5 min 4C9¥%llowed by snap
cooling on ice. The reaction was carried outa final volume of 20 pl, consisting of 25 nM
RNA and 500 nM protein in 20 mM THE! (pH 8.0 at 250, 30 mM NacCl, 50 mM KCI, 0.5
mM EDTA, 15% (v/v) glycerol, and 0.5 mM DTT. RNA was edited for 1 hour at 3Cor 37

To prepare the samples for the mapore sequencing, RNA was refolded in 10 mM HEPES
NaOH (pH 7.5 at 2%), and 50 mM NaCl by heating for 5 min at°@ followed by snap
cooling on ice. The reaction was carried out in a final volume of 50 pl, consisting of 100 nM
RNA and 1 uM protein i20 mM HEPESaOH (pH 7.5 at 2%), 30 mM NaCl, 50 mM KClI, 0.5
mM EDTA, 10% (v/v) glycerol, and 1 mM DTT. RNA was edited for 1 houcat 30

For testing the activity of various deaminases RNA was refolded in 10 mM-NBRHESpH

7.5 at 25°Q, and 50 mM IdCI by heating for 5 minutes at 96, followed by snap cooling on

ice. The reaction was carried out in a final volume of 20 pl, consisting of 250 nM RNA and 2.5
UM protein in 20 mM HEPBE®OH (pH 7.5 at 2%), 100 mM NacCl, 5% (v/v) glycerol, 0.05%
NPR40,and 0.5 mM DTT. RNA was edited for 1 hour at@0

Further steps were carried out in the same manner for all reactions. After editing was
completed, RNA was purified using a Monarch RNA algakit (NEB). cDNA was generated
with MaximaH Minus reverse dnscriptase (Thermo Fisher Scientific) according to the
manufacturer's guidelines. cDNA was then amplified using-tgity Q5 DNA polymerase
following the manufacturer's instructions (NEB). The PCR product was purified and sent for
Sanger sequencing ({dosynth). The sequence traces were analyzed using 4Peaks
(Nucleobytes).

3.2.9 Checking protein©iomogeneityusing mass photometry

The homogeneity of different purified ADAR proteins was checked with mass photometry
using a Refeyn TwoMP mass photometer (Reteyghn) Proteins were diluted to 100 nM in a
buffer containing 20 mM HEPEBOH(pH 7.5 at 25Q, 150 mM NacCl, 2% (v/v) glycerol, and

1 mM DTT. Calibration was done with the same buffer, into whighl2f the diluted protein

was added and the recordirigsted 2 min. A BSA standard, diluted in the same buffer, was
used for the mass calibration. Data was processed using DiscoverMP software.

3.3 RNA substratepreparation

3.3.1 In vitro transcription, RNA purification and folding

RNA coding sequences were clonatbithe pHDV vector. The plasmids were utilized to
generate a PCR template containing the T7 promoter and RNA sequence. RNAS were in vitro
transcribed using a homemade T7 RNAP for 4 hours at 37 °C, after which the PCR template
was removed by treatment witibNasel (Promega). RNA was loaded onto an 8% urea
acrylamide gel, visualized by UV shadowing; the bands were crushed, and RNA was extracted
ON with 0.3 M NaOAc and 1 mM EDTA. The following day, RNA was filtered to remove gel
pieces, ethanol precipitated,issolved in water, and stored &80 °C. irAlu NICN1 A strands,

both sense and antisense, were annealed by mixing them in equal molar ratios, heating for 5
min at 95 °C, followed by controlled cooling to 4 °C (1 °C/30s). irAlu NICN1 of BPNT1 full length
was not subjected to the folding procedure; the shorter variants of irAlu NICN1 or BPNT1 were
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folded by heating for 5 min at 95 °C with controlled cooling to 4 °C (1 °C/30s). All other RNAs
were refolded by heating for 5 min at 95 °C with snap cooling anAdest of the produced
RNAs and their sequences is provided in Appendix data.

3.3.2 Ureaacrylamidedenaturinggel

RNA was mixed with a 2x urea loading buffer (2x LB: 100 mNHTi{pH 8.0 at 250, 100

mM Boric acid, 2 mM EDTA, 8 M urea, 0.04% (w/v) Bpdraool blue, 0.04% (w/v) Xylene
cyanol), boiled for 5 min at 95 °C, and loaded onto an 8% acrylaumédel BE (Triboric acid

EDTA) gel. The gel was run in a 1x TBE buffer (130 mM Tris, 45 mM boric acid, 2.5 mM EDTA)
for 30-60 min at a constant 300 V (terwas adjusted to RNA length). A loange ssRNA

ladder (NEB) was loaded alongside the samples. To visualize the RNA, it was stained with SYBR
Gold (Thermo Fisher Scientific) and imaged using a Quantum UV imager (Vilber).

3.3.3 RNAfluorescentlabeling

RNA wasluorescently labeled through 3' end oxidation. One nanomole of RNA was incubated
with a 1Gfold excess of sodium periodate (NaJGn 100 mM NaOAc. After 90 min of
incubation at 25 °C, the oxidation reaction was stopped by addinfpld Z2xcess of sodium
thiosulfate (relative to NalO4). ATH388 hydrazide was added to the reaction in afGld

excess over RNA, and the labeling reaction proceeded for 4 hours at 25 °C. RNA was phenol
chloroform extracted, ethanol precipitated, and further purified using tlenarch RNA
clearrup kit (NEB) to eliminate unreacted dye. To assess RNA integrity, it was loaded onto an
8% acrylamide urea gel, and after the run was completed, it was imaged with an Amersham
Typhoon RGB 9400 scanner (Cytiva). After scanning, the gedtaiaed with SYBR Gold and
imaged using a Quantum UV imager (Vilber).

3.4 ADARIRNA complex preparation ancharacterization
3.4.1 Checkingcomplexformation with Native-PAGE

Refoled RNA was mixed with ADAR1 under various conditions (details of the specific
expeaimental conditions are in the results section). The complex was formed by incubating
for 20 min at 25 °C. A 10% (v/v) glycerol solution was added to the samples, which were then
loaded onto a NativePAGE 3 to 12%Bis gel (Invitrogen). Gels were runlix NativePAGE
running buffer (Invitrogen) at RT (50 min, constant 170V). If fluorescent RNA was used, it was
imaged with an Amersham Typhoon RGB 9400 scanner (Cytiva); otherwise, it was stained with
SYBR Gold and imaged using a Quantum UV imager (Vilber).

3.4.2 Measuring binding affinityusingfluorescence anisotropy

NEIL1 RNA was refolded in 10 mM-H@I(pH 7.5 at 280, 50 mM NaCl, and 1 mM EDTA by
heating for 5 min at 95 °C followed by snap cooling on ice. A total of 5 nM RNA was mixed
with increasing cocentrations of ADAR1 p110 (purified from High Five insect cells) ranging
from 0 to 1500 nM. The complex was prepared in a final volume of 20 pl containing 20 mM
TrisHCI(pH 7.5 at 25Q, 150 mM NacCl, 2% (v/v) glycerol, 0.5 mM EDTA, and 1 mM DTT, and
incubated for 25 min at 25 °C. The experiment was conducted in triplicate in-av88plate.
Fluorescence anisotropy was measured using a SynergyHRlate Reader (BiDEK). Data

were analyzed in GraphPad Prism 9 using onesgigzific binding equation.
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3.4.3 Complexcrosslinking

3.4.3.1 BS3
RNA was refolded in 10 mM HEREEDH(pH 7.5 at 25Q and 50 mM NacCl by heating for 5
min at 95 °C, followed by snap cooling on ice. A total of 0.25 uM RNA was mixed with 0.5 pM
nmMoo !'5!wm LImp n-NaOW(pHi 75 aty2&5Q, 113 tm3{NaCl, and 2% (v/v)
glycerol; the complex was incubated for 5 min ab 2C. Subsequently, BS3
(bis(sulfosuccinimidyl)suberate; Thermo Fisher Scientific) was added to the reaction (ranging
from 0.025 to 2 mM) and incubated for 5 min at RT with shaking at 300 RPM. The crosslinking
reaction was terminated by adding 60 mM FHEI(pH 8.0 at 25Q with 15 min of incubation
at RT. The efficiency of complex crosslinking was assessed usiRASBSlectrophoresis
(the gel was run for 90 min at 170V) and NatiR&GE as described in previous sections.

3.4.3.2 Glutaraldehyde
RNA was refoldeth 10 mM HEPESaOH(pH 7.5 at 250, 50 mM NacCl, and 1 mM EDTA by
heating for 5 min at 95 °C, followed by snap cooling on ice. A total of 0.41 uM RNA was
O2Y0AYSR 6AGK nodyn xa n voNaOHpH 7.5van250MB0OmMA Y  H p
NacCl, 2% (v/vylycerol, and 0.5 mM EDTA; the complex was incubated for 10 min at 25 °C.
Subsequently, 0.05% (v/v) glutaraldehyde (Sigma Aldrich) was added to the reaction and
incubated for 5 min on ice. The crosslinking reaction was terminated by adding 50 mM Tris
HCl(pH 8.0 at 25°Q, followed by 10 min of incubation at RT. The efficiency of complex
crosslinking was assessed using-BBSE electrophoresis (the gel was run for 90 min at 170V)
and NativePAGE as described in previous sections.

3.4.3.3 SPB
RNA was refolded in 1M HEPESIaOH(pH 7.5 at 250, 50 mM NaCl, and 1 mM EDTA by
KSFOGAY3 F2N) p YAY Ld dp c/ 3 F2f{t26SR o0& ayl
complexes were prepared in 20 mM HERBE®H(pH 7.5 at 250, 150 mM NacCl, 2% (v/v)
glycerol, and 0.5 mM EBTDifferent protein concentrations (0.41 and 0.82 uM, each at 2x
molar excess over RNA) were incubated for 10 min &225 or 50 pg/ml SPB (succinintdyl
[4-(psoralen8-yloxy)}butyrate; Thermo Fisher Scientifijere added to the reactionot
initiate crosslinking, which was conducted under a UV lamp at 365 nm, with a 3 mm glass
plate blocking UV <300 nm. Crosslinking lasted 30 min, after which the mixture was spun to
remove aggregated.he crosslinking efficiency was assessed byPHEEE (gel run fol09min
at 170V) and Nativ®AGE, with validation from mass photometry.

Mass photometry measurements of the complex were conducted using a Refeyn TwoMP
mass photometer (Refeyn Ltd.). The instrument was calibrated with a reaction buffer, into
which 22 ul ofthe complex was added. The recording lasted for 2 min. Before measurements,
the instrument was calibrated with BSA diluted in the reaction buffer. Data processing was
performed using DiscoverMP software.

3.5 CryoEM sample preparation

3.5.1 Preparingcontinuously oated carbon grids

Mica sheets were coated with varying carbon thicknesses (~5 nm for negative staining and
~1.5 nm for cryoEM experiments). Mica sheets were prepared by Anita Testa Salmazo. A
carbon film was floated off the mica onto a clean water surfadgth grids placed underneath.
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The water level was then lowered to allow the carbon to settle onto the grids. Grids were left
for drying and stored in the dark until needed. 400 mesh copper grids were used for negative
staining, while QUANTIFOIL ofl& holey carbon grids with varying hole diameters were
employed for cryoEM experiments (Science Services).

3.5.2 Preparinggrapheneoxide-coated grids

Grids were prepared following the protocol establishedBglovcak et al., 2018Braphene

oxide (GO, Sigma Aldrich) was diluted to 0.2 mg/ml in 83% (v/v) methanol and sonicated to
disperse aggregates. The mixture was centrifuged to remove the supernatant with smaller
fragments followed by another round of sonication and centrifugation before diluting the GO
again to approximately 0.2 mg/ml in the same solution. The GO was then floated on the
water's surface in a Pyrex petri dish with QUANTIFOIL grids placed underneath grea cop
mesh platform. Water was gradually removed using a peristaltic pump to allow the GO to
settle onto the grids. Before this, the grids were gidischarged for 30 seconds at ~25 mA
(ELMO device), and all utensils were thoroughly washed with chlorofdhanel, and water

to eliminate dust particles that could interfere with the integrity of the GO.

3.5.3 Negativestaining

Carboncoated 400 mesh copper grids were glow discharged for 20 seconds at ~25 mA. A 4 ul
sample (protein concentration 5000 pg/pl) was apied to the grid and incubated for 2 min.

The grid was rinsed with a drop of water, followed by threesB@ond washes in 2% (w/v)
uranyl formate or 2% (w/v) uranyl acetate. Excess stain was removed with filter paper, and
the grid was left to dry. The gsdvere then imaged using a 120kV Tecnai T12 transmission
electron microscope equipped with bottommounted TEM CMOS camera.

3.5.4 Samplevitrification

The CryoEM QUANTIFOIL dfa€grids without a support layer were glesischarged for 1
minute at 25 mA, wite the carbon or graphene oxiemated grids were glowlischarged for

10 seconds at 25 mA (details about grid specifications can be found in the respective results
sections). A 4 ul sample was applied to a grid, the excess sample was blotted away, and the
sample was plung&ozen in liquid ethane. For samples prepared with the Vitrobot Mark 1V,
the device was set to 100% humidity and 4 °C; the grids were blotted with a force of 25 for 2
to 4 seconds. For samples prepared with the Leica GP2 device, thenest was set to 85%
humidity at 5 °C, and the grids were freibtted for 4 to 6 seconds. Before inserting the grids

into the CryoEM microscope, they were clipped.

3.5.5 CryoEM grid screening and datallection

CryoEM grids were screened using a 200kV GdcigeElectron Microscope equipped with

a Falcon lll direct detector camera (Thermo Fisher Scientific). Data collection was performed
with the FEI EPU package. During screening, the grids were evaluated for overall quality, ice
thickness, particle distriltion, homogeneity, and density. Higjuality images were captured

at a nominal magpnification of 150kx, corresponding to a pixel size of 0.98A. Counting mode
was employed with a total dose of 5342 and an exposure time of ~50 s distributed over 36
frames utilizing-o ®p ¥ Y RS T2 Odza ¢Grig2nNRGodatd set'wasncollédepusing
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the same settings as described above with defocus values ranging®@Bto-3.5 pum. In
total, 310 micrographs were collected.

To obtain a higlguality dataset fromthgn mo o ! 5 I-MI'MH2 Ilcévnplex crosslinked with
SPB, the data was recorded using a 300 kV Titan KriosE@&gton Microscope equipped

with a Gatan K3 BioQuantum direct electron detector (Thermo Fisher Scientific). Data
collection was performed using theEl EPU package. Micrographs were recorded at a nominal
magnification of 105kx, corresponding to a pixel size of 0.835 A. Counting mode was
employed with a total dose of 60.4/82 and an exposure time of 2.4 s distributed over 40
frames, utilizing a defars range from-1 to -2.2 um. In total, 21 963 micrographs were
collected.

3.6 CryoEM datgprocessingand analysis

3.6.1 Dataprocessing

C2NJ (0 KS p moBryYH2sidtadrom thév pan Krios Initial micrographs data processing
was performed using Warp, which included motion correction, estimation of the contrast
transfer function, and automated particle pickiibegunov and Cramer, 2019he exported
particles were then processed through a combination of 2D and 3D classification in RELION
3.1.0(Zivanov et al., 2018}urther data processing was rfefasible as the 3D classification

did not yield satisfactory model quality due to particle heterogeneity.

LYAGAFf YAONRINI LK RIFGF LIGROD B/E @ldta/sat franFfthel KS
Glacios microscope was conducted using Warp as described dbavparticle picking, the

software was trained to identify particles approximately 15 nm in size before they were picked
(approximate size of ADAR1 dimer with RNA substrate). The exported particles were then
processed through a combination of 2D and 3B sfecation followed by model refinement

using CryoSpaf®unjani et al., 202). A deaminase domain was superimposed into the model

using UCSF Chimera software.

3.6.2 Structure prediction usingAlphaFold

The first ADAR1 structure was predicted using the AlphaFold2 web server
(https://alphafold.ebi.ac.u) which already had a structure for human ADAR (UniProt
accession P55265, AB5265F1). This structure was downloaded and analyzed using
ChimeraX software.

Following the release of AlphaFoldBttps://alphafoldserver.con), predictions for ADAR

RNA complexes became feasible. To predict the structure of the ARANRIcomplex, the

server received two copies of the coding sequence for human ADAR1 p150 (UniProt-P55265

1) with a deletion of theifst 133 amino®A R& opmMoo ! 5! wm Livpnous |2
aS1ljdzSyO0S | yR T2 dzNJ Y% RNAcompRxy/piedicticd 2hblbeivdt @ceivell | wH
two copies of the human ADAR2 sequence (Uniprot P72)G&G8ong with the TTYH2 RNA
4S1dzSy 0SS I yR ¢ 2 ictetlyswustures fvefeistbsetjueily dnilyBed using
ChimeraX software (version 1.6.1).

The structure of CJADAR1v (NCBI XP_065945010.1) was also predicted using AlphaFold3. The
ASNISNI NBOSAOGSR | aAay3atsS 021k 2F (K®.TERI! 5! wwm
obtained structure was analyzed using the ChimeraX software (version 1.6.1).
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4 Results

4.1 ADARIpurification protocol optimization

The initial phase of the PhD work primarily focused on developing a purification protocol for
ADARL. Existing protolsowere inadequately described or likely to yield low res(@Bo et

al., 2003) Since ADARs require IP6 for actiMacbeth et al., 2005and undergo post
translational modificatins (Keegan et al., 2023p eukaryotic expression system, such as
insect or mammalian cells, was used for optimization.

4.1.1 Choosing the optimatonstructfor ADAR1 p110 purification

The optimization of the purification protocol has beemtiated with the shorter isofam
I 51 wMm LimmnX ¢ KA OK , thereby facilitaiirig Sasigt "handiiry.YOnaeythe
technique was established, the rationale was to apply a similar strategy to the longer isoform.

The initial purification step involved affinity chromatography, whighasates proteins based

on the affinity between the tagged protein and its ligand on the chromatography matrix. In
the optimization process, various tags were tested, including @t&tysin combination with
bAua A2ya 2y GKS YI (i NJFoteid) tay yiliziag amylogearésin, iad&® S
TwinStrep tag that interacts with Strefactin, a modified form of streptavidin.

Attempts to purify the ADAR with an-tdrminal Hig-MBP tag resulted in a few issues,
primarily the protein degradation and the gsence of a chaperone protein, indicating
improper folding (Fig. 16A). The significant size of MBP (42.5 kDa) may hinder proper folding,
contributing to these complications. Further experimentation with thesHég or His-
TwinStrep tag attached to the-términus of ADARL1 similarly yielded a degraded protein (see
Fig. 16B), indicating that this configuration was also inefficient for maintaining protein
integrity. However, a successful strategy was found by placing thedgdiat the Nterminus

and the TwnStrep tag at the @rminus of the ADAR protein. This approach, utilizing two
subsequent affinity chromatography steps, allowed for the successful production of intact
ADAR protein, effectively eliminating the degradation observed in the previous att€figts
16C).
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Figurel6 SDSPAGE analysis following various affinity purification strategies.
A. SDSPAGE of purified R#®BRADARL, first purified using an HisTrap HP column followed by amylose
resin.
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B. SDSPAGE of purified HiwinStrepADAR1, first purified using an HisTrap HP column and
subsequently a StrepTrap column.

C. SDSPAGE of purified HIADARATwinStrep, first purified using an HisTrap HP column followed by a
StrepTrap column.

4.1.2 Evaluating proteinsolubility through buffer screening

The solubility of ADAR1 was initially tested using various buffers with a wide pH range, from
3.0 to 10.0. This evaluation was conducted on ADAR1 expressed in insect cells, comparing
protein levels on SBBAGE gels before and after centrifugatiomssess the overall solubility.
Higher protein levels detected in the supernatant indicated better solubility. The results
showed that increasing the pH improved the solubility of ADAR1. At the lowest pH tested,
Glycine buffer at pH 3.0, the protein akfted the poorest solubility. In contrast, the 1x SPG
buffer at pH 10.0 yielded the besblubility performance (Fig. BJ. Although the SPG buffer
provided the optimal solubility, it was found to be unsuitable for the subsequent purification
steps. The tgh pH of the SPG buffer was too harsh for the HisTrap column resin, which was
intended to be used as the first purification step. Additionally benzonase was initially used to
NEBY2@3S ydzOf SAO | OARA® . Syl 2yl aS nphElpittesNdS &4 a 3 u
the 1x SPG buffer at pH 10.0. Hence, despite being optimal for solubility, this buffer was
unsuitable for the purification process. Ultimately, the ADAR1 pl110 purification was
effectively achieved using a 50 mM TiHEI buffer at pH 8.0Chis buffer composition allowed

for high-purity protein recovery from both the insect and mammalian cell expression systems,
with a higher overall yield obtained from the mammalian cell lines.

In contrast, the optimized protocol proved to be less effecfivethe longer isoform, ADAR1
p150, which posed significant challenges in achieving high purity. Further optimization efforts
included exploring more suitable buffers through thermal unfolding assessments using
nanoDSF Prometheus technology on purifiedARID p110, alongside a buffer kit from the
Vienna Biocenter Protein Technologies Faci(fyg. 15) Unfortunately, despite these
extensive efforts, none of the tested buffer conditions were able to surpass the thermal
unfolding temperature of the origindd0 mM TrisHCI buffer at pH 8.0, supplemented with
350 mM NacCl, 20% (v/v) glycerol, 0.5 mM EDTA, and 1 mM DTT, which had been employed
for the successful purification of ADAR1 p{&{@. 17B)This suggested that the longer ADAR1
p150 isoform presented irdrent challenges in terms of stability and solubility that could not
be readily overcome through simple buffer optimization.
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Figurel7 Buffer solubility test.
A. SDSPAGE analysis showing buffer solubility at pH ranging from pkb 3.0.0 (k total lysate before
centrifugation, S supernatant with clarified lysate).
B. Thermal unfolding of ADAR1 p110 measured using nanoDSF Prometheus Technology.
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4.1.3 Optimizing proteinexpressionn mammalian cells

Optimization of protein expression in mmemnalian cells involved testing various expression

vectors, cell densities during transfection, and expression time. To assess the expression
levels of ADARL1 isoforms, SBAGE analysis was performed, with equal amounts of lysed

cells loaded onto the gel.mong the different vectors examined, the pCAGGS vector proved

G2 0SS O0SUGSNI AG AYyO2NLIRNYGSa | Oedzac@al f 20A
promoter containing an intron sequence, resulting in significantly higher expression levels
compared b the pcDNA 3.1 vector, which utilizes a simpler CMV enharoenoter system.

It was observed that lower cell density during transfection slightly enhancedeipr

expression levels (Fig. AB

Further optimization efforts focused on determining the opé#l expression time for ADAR1
isoforms using Western blot analysis with an &l tag. The results indicated that ADAR1
p150 reached peak expression levels between 41 and 45 hourstrpoasftection, while
ADAR1 p110 exhibited peak expresdi@tween 45and 50 hours (Fig. B3. Based on these
findings, a refined expression time of 42 hours was established for ADAR1 p150, ensuring
maximal yield, while 48 hours was selected for ADAR1 p110.
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Figurel8 Optimization of protein expr&sion in mammalian cells.
A. An SDPPAGE gel assessing various expression vectors and cell densities employed for protein
expression.
B. Western Blot analysis targeting the kliag to evaluate expression over time.

4.1.4 Designing the optimal ADAR4150construct

Puification of the ADAR1 p150 isoform proved to be a significant challenge. The protein
tended to aggregate and displayed reduced binding to affinity columns, suggesting that the
protein tags were inaccessible due to improper folding. Notably, the optimizeidication
protocol that had been successful for the shorter ADAR1 isoform did not yield high purity or
sufficient quantities of the ADAR1 p150 variant.

The AlphaFold analysis showed that the first linker region preceding the ordeafgh&

domain (conprising amino acids-233) was predicted to bairinsically disordered (Fig. 29

B). In an attempt to overcome this obstacle, several mutants were designed withusar

linker truncations (Fig. ) and tested for purification from the mammalian expressi
a2aidSYod LyGSNBadAy3Itesr adz200SaafdzZ LIzNKRFAOL GA
Ydzi yi&as 6KAES GKS noo @ NA l-l¢ngth BdiefoA 0 A G SR & A Y
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The purified mutants were then tested for their enzymatic activity by assggheir ability to

edit the R/G site in Gria2 RNA (Figl 19 @ ! Y2y 3 (GKS O2yaidNHzOGa GSai
p150 mutant demonstrated active editing capabilities and was subsequently selected for
further experiments throughout the thesis.

Cloning, expession, and purification processes were carried out by intern Nora Rier, whose
efforts helped in obtaining the longer ADAR1 p150 isoform.
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Figurel9 Designing the optimal construct for ADAR1 p150 expression and purification.
A. Schenatic representation of the various ADAR1 p150 mutants designed.
B. Structure prediction for residues197 of AFP55265F1, with the regions-133 representing the first
linker and 134197 corresponding to the-glpha domain (indicated in dar cyan).
C. Enzymaéc activity of the different mutants through the editing of Gria2 R/G RNA. The R/G editing site
is indicated with an arrow. Nucleotide abbreviations:adlenine, T thymine, G cytosine, G guanine.

4.1.5 Issued faced during purificatioprotocol optimization

In addition to the results presented, the purification of ADAR1 had more challenges during
protocol optimization, and while | explored a wider range of conditions, only the most critical
findings are included in the thesis.

ADARL1 is an RN#Anding proein that contains multiple domains, each of which interacts with
different nucleic acids. During the initial purification attempts, substantial nucleic acid
contamination was encountered, necessitating the exploration of various techniques for its
removal. The extent of nucleic acid contamination was evaluated by monitoring the
absorbance ratio at 260/280 nm, which should be lower than 0.6 in the eluting fractions.
Different nucleases, such as benzonase and-bkahactive nuclease, were applied to the
lysate, but the protein's elution during the first affinity step was inconsistent, sometimes
containing nucleic acids and other times appearing free of contaminants. Another strategy
involved the use of polyethyleneimine (PEI), a basic cationic polymergtipfate nucleic
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acids; unfortunately, this approach resulted in considerable protein degradation. Including
high NaCl washes provided some improvement but did not eliminate the contamination. The
most effective method was adding EDTA to the buffers durime first affinity
chromatography, which minimized nucleic acid presence in subsequent purification steps.

Initially, optimizations were performed on Hitagged ADAR1. Despite using HisTrap
purification and testing various ion exchange chromatograpfsash as Heparin, MonoQ, or
MonoS resins), the protein remained impure and prone to degradation. Attempts to reduce
degradation through various proteases and cell disruption techniques were ultimately
ineffective. A successful strategy eventually emerigedagging ADAR1 with a kliag at the
N-terminus and a TwinStrep tag at thet&minus, followed by two affinity chromatography
steps. This approach resulted in the purification of a stable;awgraded protein.

Purifying the longer isoform, ADAR1 p1p0sed additional challenges related to aggregation

and folding issues. Several expression methods were optimized, including lower temperature
expression in insect and mammalian cells, varying viral titers in insect cells, and employing
different cell lines such as Expi293F and HEK Freestyle for mammalian cells, as well as High
Five and Sf9 for insect cells. While these optimizations provided some improvements,
obtaining a pure fullength protein was ultimately achieved only after removing the first
intrinsically disordered linker, resulting in higleld, purified ADAR1 p150.

Moreover, ADAR1 proved sensitive to the materials utilized during affinity tag removal with
3C protease. Cleavage was tested in various types of tubes, including glass vials, statidard
low proteinbinding 1.5 ml tubes, and 15 ml Falcon tubes. It was observed that ADAR1
precipitated in the Falcon tubes, which had been commonly used, leading to incomsisten
confusing results (Fig. A0).
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o
i & -] ] — ] __——"]3C[Time]

250
150

100
75

50 &

35 g

25

glass vial  |low protein regular Falcon tube
binding tube 1.5mL tube
1.5mL tube

Figure20 Assesment of various tubes for tag removal using 3C protease.
A. SDSPAGE analysis of cleaved ADAR1 p110 across four tube types: glass vial, 1.5 ml |oWwipdatein
tube, standard 1.5 ml tube, and Falcon tube. Cleavage reactions were conducted for 1 hour and 30
minutes, with the initial sample collected after 45 minutes and subsequent samples taken every 15
minutes thereafter.

Due to the numerous challenges encountered during the purification process, achieving a
pure, nucleic aciklree, and active form of ADAR110 required approximately 1.5 years of
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optimization. This was followed by an additional four months to successfully isolate the longer
isoform, ADAR1 p150.

4.1.6 Optimized ADAR1 purificatioprotocol

The AD wvm LIMmn 6 CATd um! 0 | yBRisofonms were!sGctessfally LIv p N

expressed and purified using a mammalian expression system, as the insect cell system
resulted in lower protein yields and was unable to produce the longer p150 isoform. F@lowin
cell lysis, the clarified lysate underwent an initial affinity purification step to capture the His
tagged protein. During this step, contaminating chaperones were removed, and the buffers
contained 5 mM EDTA to facilitate the removal of contaminatungeic acids. A HisTrap Excel
column, which is resistant to nickel stripping with 5 mM EDTA, was employed for this purpose.

The protein then proceeded to a second affinity chromatography step to capture the
TwinStrep tag, facilitating the removal of anggiladation products. Afterward, the affinity
tags were cleaved, and the protein underwent a final purification step by size exclusion
chromatography, effectively removing any remaining aggteg and the 3C protease (Fig.
21A, B). The entire purificatiorrpcess takes approximately 2.5 days.

Mass photometry analysis confirmed the protein homogeneity within the purified samples.
For the ADAR1 p110 isoform, the sample predominantly contained monomers (104 kDa) and
dimers (218 kDa), with minor contaminatioroin chaperones and higharder oligomers
6MTnNnIE OoHYX non {5+r0d Ly GKS OFrasS 2F {(GKS
predominantly composed of monomers (121 kDa), with a small population of dimers (246
kDa) and a minor presence of contaminating chapes(189 kDa).
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Figure21 Purification of ADAR1 p110 or 150 from Expi293F mammalian cells.

A. ADAR1 p110,

B. ADAR1 p150.
The analysis includes an SBPSGE gel displaying loaded fractions from various purification steps, the elution
pattern obtained from size exclusion chromatography, and results from mass photometry analysis.

The successful purification of both isoforms opened the way for further studies aimed at
characterizing the ADARRENA complexes. These studies will include geani functional and
structural analyses, including enzymatic activity assays, binding experiments, and efforts to
solve the structure using CryoEM techniques.
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4.2 ADAR1/2 deaminasegurification

To compare the enzymatic activity of the isolated deaminasmalo with the fulllength

protein, various ADAR1 and ADAR2 deaminase (ADAR1 dd or ADAR2 dd) domains were
produced using an insect cell expression system. For the ADAR2 dd were generated:-the wild

type ADAR2 deaminase, the E488Q mutant with enhanced gdtitétthews et al., 2016)a

y2@0St KeLISNIOGAGS Ydzil yiz ! 5! wH-GANDYy vY 2HiMdB&C
(Katrekar et al., 20229nd ADAR2 RESCUE mutant was designed to convert C to U (cytosine

to uracil)(Abudayyeh et al., 2019)For ADAR1, both the witgpe and the E1008Q mutant

with enhanced activityWang et al., 2015)ere produced.

Wild-type and mutant deaminase domains were produced with high purity following the
ADARZ2 purification protocol. The NaCl binding concemtnadiuring heparin chromatography
was optimized to improve binding efficiency compared to thelkrigth ADAR2 protein. The
proteins retained their His tags, and the purified deaminases were evaluated for
homogeneity using mass photometry, which confirntiedt the samples were homogeneous
(Fig.22).
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Figure22 Purification of the ADAR1 or ADAR2 deaminase domains.

The analysis includes an SBSGE gel illustrating the final purified products of various mutants (A), the elution
patterns obtained from size exclusion chromatography for ajjue versions of ADAR1 dd (B) and ADAR2 dd
(C), and results from mass photometry analysis.

4.3 RNA substrates employed icomplexcharacterization

ADARL1 primarily acts on dsRNA, often editing sitesinvihairpin structures formed by
complementary regions distant from each other in the primary sequence. While high
throughput sequencing can identify editing sites, it has limitations in determining the full
dsRNA structure necessary for in vitro studiEsr this thesis, previously published and
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validated substrates were selected to ensure compatibility with the purified ADAR1 protein,
thereby providing a reliable foundation for the experimental work.

The substrates designed for the study varied in lerfigitn 80 to 117 nucleotides. This length
was carefully chosen to fit the ADARL1 protein domains while being short enough to maintain
sample uniformity for CryoEM analysis. The substrates included the glutamate receptor with
R/G recoding site (Gria2 R/G), wainiis derived from the GRIA2 mRNA region. This region is
recognized for its efficient editing by the ADAR1 and ADAR2 enzZyifey) et al., 2001)
Another substrate was NEIL1 RNA, derived from thenpRNA of the DNA repair enzyme
NEIL1, where editing leads to a lysioearginine ateration in the protein's lesion recognition
loop(Yeo et al., 2010The RNA sequence was sourced from a study identifyirggugatory
elements affecting ADAR editing activifiiu et al., 2021)Additionally, within the same
research, two other RNA sequences derived from mRNAsdimg AJUBA and TTYH2 were
also assessed and their reported sequences were usetktie these substrates (Fig. 283

RNA substrates were produced through T7 in vitro transcription usinggB@®Rated
templates. Following transcription, the RNA substeateere purified via urea gel extraction.

The resulting RNA was assessed for purity and homogeneity through denaturing urea gel
electrophoresis. This analysis confirmed that all RNA substrates achieved a high level of
homogeneity. Notably, the TTYH2 subtranigrated slightly lower than anticipated. This was
likely due to strong RNA folding, which was not fully resolved under denaturing conditions
rather than a differenceni actual size or purity (Fig. BR
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Figure23 RNA substri@s generated for CryoEM studies.
A. Predicted secondary structures of Gria2 R/G, NEIL1, TTYH2, and AJUBA, generated using the RNAfold
web server. The adenosine targeted for conversion is depicted in magenta, which was highlighted using
the Forna visualizatiotool.

B. Urea gel analysis of the synthesized substrates.

4.4 ADAR- RNA complexcharacterization
4.4.1 TestingADARIenzymatic activity

To assess the enzymatic activity of purified ADAR proteins, in vitro editing assays were
performed using synthesized RNA substs with the ADAR enzymes. The ADAR enzymes
were incubated with the RNA substrates for one hour at 37 °C in a reaction buffer containing
20 mM TrisHCI (pH 8.0 at 25 °C), 30 mM NacCl, 50 mM KCI, 0.5 mM EDTA, 15% (v/v) glyceraol,
and 0.5 mM DTT. To evaluatiee editing activity, a PCR product was generated through
reverse transcription of the RNA substrates. The resulting reactions were analyzed using
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Sanger sequencing, where editing in the sense strand is represented as an A to G conversion,
while in the atisense strand, it appears as a T to C conversion. It was shown previously that
the peaks obtained from the opposing strands demonstrated greater consis{&ggyngton

et al., 2011) All results presented below are shown as the conversion of A (indicated by a
green peak) to G (represented by a black peak); however, it should be noted that these
sequences were derived from either the sense or antisense strand. Whenever possible, a
reverse primer was utilized in the Sanger sequencing; however, in cases where the adenosine
was too close to the sequencing coverage limit, the forward primer was used instead. Details
regarding the sequenced strands are provided in the figure legend. Téikodology
effectively illustrates the editing events facilitated by the ADAR enzymes and showcases their
enzymatic activity.

One of the most prominent targets for RNA editing by ADAR1 or ADAR?2 is the serotonin 2C
receptor (5HT2C). Aberrant editing canuks$n the generation of 24 distinct isoforms of the
5HT2C receptor, which can profoundly influence neurotransmission, contribute to psychiatric
disorders such as depression and schizophrenia, and alter the receptor's signaling pathways
(Werry et al., 2008)Sites A and B were predominantly edited by ADARL1, exhibiting slightly
higher activity for the longer isoform, while site C showed low editing levels exclusively with
ADAR2. Notably, site D was completely edlitty ADAR2 (Fig. 8% Importantly, these
findings align with the existing literature from both in vi{ieggington et al., 201and in vivo
studies(Yang et al., 2004¥onfirming that the activity of purifiedAR is indeed effective

The next target tested was the Gria2 R/G RNA. Editing at R/G site alters the genordingghco
resulting in a change in translation from arginine to glycine, which facilitates a quicker
recovery from desensitizatioiilLomeli et al., 1994)Both ADAR1 and ADAR2 effectively
modified the R/G site. Additionally, editing at the preceding site (di)ewas also noted,
consistent with published report¢Kallman, 2003) Furthermore, editing of the sitel3
relative to the R/G site was observed, likely due to the extended destbémded RNA
structure arising from the flanking sequences used in the deamination aSgp\24B).

The RNA sequence oEN.1 is derived from the pr@aRNA of the base excision DNA repair
enzyme NEIL1. The editing process modifies the encoding, leading to the conversion of lysine
(K) to arginine (R) in the lesion recognition loop, which in turn affects NEIL1's substrate
specficity. This site was effectively edited by both ADAR1 and ADAR2, in line with existing
literature (Yeo et al., 2010fig. 24€).

The TTYHZ2 sagnce is derived from an intronic region, and the significance of the editing site
remains unknown. This substrate has been investigated through mutagenesis and high
throughput screening, revealing important RNA features that influence RNA e(itingt al.,
2021) Consistent with existing literature, site 0 (marked in magenta) was successfully edited
by both ADAR1 and ADAR2. Additionally, llvels of editing were observed at sit&sand-

40 specifically for ADAR2, both enzymes were capable of convertingXtesd-24 (Fig.
24D).

Similarly, the AJUBA sequence was examined in the same study as TTYHZ2, with its editing site
located withintt6 0 Q ! ¢wd [A1S ¢¢ I HE GKS AYLIOG 2F Gl
Notably, site 0 (marked in magenta) was edited by both ADAR1 isoforms with with the longer
isoform demonstrating higher efficiency, suggesting that the presence oftthe R # Yhay

enhance the editing process. ADAR2 was im#dconvert this site (Fig. £4.
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Figure24 Editing patterns for ADAR1 and ADAR2.
A. Editing of 5SHT2C. The results were obtained from sequencing the antisense strand, and they are
presented as a reverse complement conversion.
B. Editing of Gria2 R/G. The results were obtained from sequencing the antisense strand, and they are
presented as a reverse complement conversion.
C. Editing of NEIL1. The results were obtained from sequencimgehse strand.
D. Editing of TTYHZhe sense strand was sequencdthe results were obtained from sequencing the
sense strand.
E. Editing of AJUBAhe sense strand was sequencdthe results were obtained from sequencing the
sense strand.
The adenosine at pdagon 0 is highlighted in magenta, while other converted sites are indicated with arrows.
Nucleotide abbreviations: Aadenine, T thymine, G cytosine, G guanine.

4.4.2 Testing ADAR deaminaseszymaticactivity

To investigate the editing patterns of lated deaminase domains, two substrates were
tested: Gria2 R/G and TTYH2. The Gria2 R/G site was efficiently edited by all enzymes
evaluated; however, editing at sit& occurred only with the fulength enzymes, indicating

that the dsRBD domains are essial for this specific editing process. Sil8 was converted

by both fulHength ADAR2 and deaminase mutants, while no editing was detected with the
wild-type deaminase domains (Fig.A5

For TTYH2 (Fig Bh site 0 was modified by all enzymes, althowgld-type deaminases
exhibited reduced editing efficiency. Sit&and-40 were edited by fullength ADAR2 and its
deaminase mutants, E488Q N496F or RESCUE. Converselyl&itasd -24 were only
converted by the fullength enzymes, with none of thlieaminase variants able to effect this
change. This suggests that the dsRBD domains are also essential for editing at these particular
sites.
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Figure25. Comparison of editing patterns for fidingth enzymes and isolated deam@sadomains.
A. Editing of Gria2 R/G. The results were obtained from sequencing the antisense strand, and they are
presented as a reverse complement conversion.
B. Editing of TTYH2. The results were obtained from sequencing the sense strand.
The adenosine at pda#on 0 is highlighted in magenta, while other converted sites are indicated with arrows.
Nucleotide abbreviations: Aadenine, T thymine, G cytosine, G guanine.

4.4.3 ADARIRNAcomplex formation

The initial experiments to optimize the complex bindingreveonducted using ATT4B8
fluorescently labeled Gria2 R/G or NEIL1 substrates at a low RNA concentration of 20 nM. In
these experiments, both isoforms of ADAR1 were tested for their binding capabilities. The
results showed that both isoforms were able ibind the tested RNAs, however, notable
differences were observed in their behavior at varying protein concentrations. The ADAR1
p110 isoform demonstrated a tendency to undergo complex aggregation at higher protein
concentations, (Fig. 28). In contrastthe ADAR1 p150 isoform exhibited a more stable
binding profile, primarily forming monomers with both substrates and as the protein
concentration increased, there was a gradual shift from monomers to dimers. The absence of
aggregates made the p150 isoformore suitable for cryoEM analysis.
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Further binding experiments were carried out using #abeled substrates, adjusting protein
concentrations to levels optimal for freezing samples for cryoEM. All tested substrates were
bound to ADAR1 p150, exhibiting tthet binding patterns. Notably, the Gria2 R/G substrate
was predominantly enriched for monomeric complexes, while the AJUBA substrate favored
the formation of dimers. In contrast, both NEIL1 and TTYHZ2 substrates displayed a mixture of
monomeric and dimed complexes, reflecting varied binding interactions across the
substrates. Additionally, the complexes contained a small fraction of aggregates, which might
be attributed to the lower glycerol concentration in the sample preparation. Higher glycerol
concerirations could potentially impact the contrast of thersples in cryoEM imaging (Fig.
26B).
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Figure26 ADAR1 complex formation with different RNA substrates.

A. EMSA of ADAR1 isoforms interacting with AT88 Gria2 R/G or NEIL1. Tinee RNA gel image is
cropped from a nossaturated gel scanThe RNA concentration was kept constant at 20 nM, while
ADAR1 was used at the followingncentrations O (free RNA lane), 20, 40, 80, 120, 160, 200, and 240
nM.
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4.4.4 Measuring bindingaffinities using fluorescence anisotropy

The fluorescence anisotropy data for the interaction between ADAR1 p110 and NEIL1 RNA
was analyzed using GraphPad Prism employing thesdadotal binding model used for &
calculation (https://rb.gy/4uwj9k). This model determines the apparent Kd (equilibrium
dissociation constant), which reflects the combined effects of both specific andgmerific
interactions that may arise at higher protein concentrations which wasenked in initial
binding experiments (Fig. 2§. The calculated Kd was found to be 337.9 nM, suggesting a
rather weak interaction ADAR1 p1iBIEIL1 RNA complex.

While fluorescence anisotropy is a useful technique for assessing binding affi(iiii€até
and Wowor, 2008)it is not without its limitations in this specific context. At eledprotein
concentrations, the model may not accurately capture the full nature of the complex
formation, particularly the dynamics involved. Furthermore, the existing models may
inadequately represent the transient nature of the interactions between ADKRIIRNA, as
well as the potential for nospecific binding events.
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Figure27 Fluorescence anisotropy data for the ADAR1 pINEIL1 complex.
The data points represent the measured fluorescence anisotropy values, with errantieating the standard
deviation calculated from replicate experiments. The curve illustrates the fittedsgeeotal binding model.

4.5 ADARZIL RNA structuredetermination
4.5.1 Negative staining of ADARIRNA complex

Before the sample preparation for cryaE | y I f @ 3A 43X GKS pmMoo ! 5! wh
evaluated using negative staining technique, both in its isolated form and in complex with
bo9L[ M wb!® ¢KS |aasSaayvySyad 2F GKS Arazfl 4G4SR
homogeneous preparation, confirming its &uaility for subsequent analyses (Fig. 28A). In
contrast, the complex formed with NEIL1 displayed predominantly homogeneous
characteristics; however, a slight presence of aggregates was observed (Fig. 28B). This
minimal aggregation suggests that while tbemplex is largely stable, further optimization

may be necessary to enhance its purity for future applications in cryoEM.

A133 ADAR1 p150 A133 ADAR1 p150 - NEIL1

Figure28® b S3AI GAGS &Gl AyAy3 2F (G(KS pmoo !'5!wm Livpnx 020K
The images were captured at a nominal magnification of 150,000x

4.5.2 Preparation of cryoEM samples

Specimens for cryoEM are prepared on specialized grids, usually ofia fine metal mesh

such as copper or gold. The mesh is coated with a carbon film or gold foil containing a series
of small holes, which can vary in both size and arrangement, typically ranging from 0.6 to 3.5
micrometers in diameter. Biological sareplare suspended within the holes. Alternatively, a
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thin support layer, for example continuous carbon, graphene, or graphene oxide, can be
applied to the holey films which provides a stable surface to support the biological
complexes. The support film'gitkness is crucial as it must allow electrons to pass through
the sample while also mainitsing the sample support (Fig. 29
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Figure29 Scheme of the CryoEM grid.
Figure prepared with BioRender based(@osta et al., 2017)

During the vitrification process, the specimen is embedded in a thin layer of vitcgedmd

it is essential to uniformly distribute the sample within these grid holes to ensure optimal
imaging conditions. Achieving this uniform distribution often requires optimization, which can
involve experimenting with different types of grids, adjastithe concentration of the
biological complexes, and adding specific sample addi{Wésssenberger et al., 2021)

Carefully preparing the cryoEM grids is vital for obtaining Jojghlity data. However, the
preparation process can be challenging and often-reproducible due to the multitude of
steps involved. These steps include preparing the biological complezjrigethe sample (a
stage where even small device variations can make a difference), clipping the grids before
inserting them into the microscope and handling the very fragile grids. Each of these stages
requires careful attention and optimization to ackea uniformly distributed sample while
avoiding contamination at each of these steps to ensure the sample is suitable for high
resolution imaging.

The optimization of the cryoEM sample preparation began with the shorter ADAR1 p110
isoform, which was firspurified to an adequate concentration for experimentation. The
preliminary studies involved complex freezing on ice, primarily utilizing QUANTIFOIL grids,
with occasional use of-flat grids. Early attempts to prepare the ADAR1 p110 and NEIL1 RNA
complexusing QUANTIFOIL grids did not yield successful results, leading to the decision to
switch to Cflat grids featuring a thinner and flatter layer of holey carbon. However, the
complex tended to adhere to the holey carbon, making it challenging to viswealizie the

grid holes, despite various adjustments to the sample preparation and grid selection (Fig.
30A).

Subsequent attempts focused on evaluating the ADAR p110 and Gria2 R/G complex. While
the complex appeared promising under negative staining, itbétdd significant aggregation
following the vitrification process for crigM specimen preparation (Fig. BO This
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aggregation was likely introduced during the sample freezing step. These experiments
highlighted the challenges associated with utilizing thorter ADAR1 p110 isoform in

cryoEM studies, as the initial data indicated a propensity for this construct to aggregate.
A B N :

CryoEM (grid: C-flat 2/2) 100 nm Negative staining CryoEM (grid: Quantifoil 1.2/1.3) 50 nm

ADAR1 p110 - NEIL1 ADART1 p110 - Gria2 R/G

Figure30 CryoEM analysis of the ADAR1 p1RNA complex.
A. CryoEM image of the ADAR1 p1IMEIL1 RNA cqutex.
B. Negative staining and cryoEM images of the ADAR1 pGtia2 R/G RNA complex.

{dz0 4 S1jdzSy i SELISNAYSyi(la aKATGSR F¥20dza G2 SO f
combination with various RNA substrates. Initially, the complex with NEIL1 RNA was tested,

but it exhibited behavior similar to that of the shorter isoform, with tbemplex localizing

outside the grid holes. This result indicated that NEILL RNA was not suitable for further
experiments, despite thehange in ADAR1 isoform (FigA31

Next, complexes with TTYH2 and AJUBA RNA were examined, presenting a new set of
chalenges. In these samples, a significant amount of free RNA was observed in the acquired
grid images (indicated with a white arrow). This observation suggested that the RNA had
dissociated from the complex during sample preparation or grid freezing, nregirta sample

that was too heterogeneous for obitang highquality data (Fig. 3, C).

On a more promising note, the complex with Gria2 R/G showed favorable results, as the
particles appeared welistributed within the grid holes. This distribution maitlsuitable for
data acquisition and allowed for an effective assessment of particle qualibwial their

processing (Fig. BY).
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CryoEM (Quantifoil 1.2/1.3) Sonm CryoEM (Quantifoil 1.2/1.3) 50 nm

A133 ADAR1 p150 - NEIL1 A133 ADAR1 p150 - AJUBA

CryoEM (Quantifoil 1.2/1.3) 50 nm CryoEM (Quantifoil 1.2/1.3) 50 nm
A133 ADAR1 p150 - TTYH2 A133 ADAR1 p150 - Gria2 R/G

Figure31/ NB29a | yI f @aAa 2 FRNAKoEplexgreparedobitewm LImp n

A. Complex with NEIL1 RNA.

B. Complex with AJUBA RNA.

C. Complex with TTYH2 RNA.

D. Complex with Gria2 R/G RNA.
The contrast of all images was enhanced using Warp software to improve visibdityetails of the structural
features.

These experiments highlighted the importance of screening multiple RNA substrates and
isoforms to identify the most stable and wééhaved complexes for CryoEM studies. The
success with the Gria2 R/G complex pded a promising direction for further structural
investigations of ADARL.

¢2 FaasSaa GKS &l YL S |j-Gzia2 R/Giodmpes, a smellSlatgsetwas | 5 |
collected using a 200 kV Glacios microscope, capturing a total of 310 micrographs during the
data collection session. An initial assessment of the particle quairgated two distinct sizes,
approximately 5 nm and 15 nm. When compared to the previously solved ADARZ2RIWAer
O2YLX SE 6t5.Y c+CCu0X Al 06SO0Leva R/SEZomple ghouldi K I
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fall within a larger size range. The results suggfest the smaller particles might represent
dissociated complex componen(isSig. 32A)

The first stages of data processing were carried out using Warp, which involved particle
picking through a machinearning approach trained to identify particles of yag sizes.

After extracting particles around 15 nm, which corresponded to the expected size of the full
complex, approximately 13,000 particles were available for further analysis. These particles
were subsequently processed iny8Eparc, where both 2Di@- 32B and 3D classifications,
including 3D refinement aflass 2, were performed (Fig.GR

Unfortunately, the resulting model exhibited low quality, with the deaminase domain
superimposed (AP55265F1, amino acids: 88B226), suggesting that RNAdik dissociated

from the complex. This observation was also supported by the presence of a significant
number of smaller 5 nm particles which probably correspond to the size of the deaminase
domain alone. Overall, the data proved too heterogeneous to peeda highquality model,
emphasizing the need for crosslinkers to stabilize the complex for improved results.
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A. Representative micrograph.
B. Representative 2D classes derived from the analysis.
C. 3D classification and refinement of class 2, with the final structure incorporating the superimposed
ADAR1 deaminag@&FP55265F1 amino acids: 888226).

4.5.3 Stabilizing thecomplexusing crosslinkers

{ SOSNIt ONRaatAylAy3d (GSOKyAldzSa &6 SNBNASELI 2N
complex, including BS3, glutaraldehyde, and SPB. The optimization trials focused-on fi

tuning parameters such as crosslinking time, concentrations of proteins and reagents, and
temperature to prevent excessive crosslinking, which could complicate data analysis and
interpretation. The effectiveness of the crosslinking was assessed ussg&kE, comparing

the samples before and after applying different crosslinking conditions. Additionally, Native

PAGE gel analysis was performed to ensure that crosslinking did not result in the dissociation

of the protein and RNA.

453.1 BS3
BS3 has two reaiste Nhydroxysuccinimide (NHS) ester groups reacting with primary amine
groups in proteins, specifically targeting lysine residues.
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RNA substrates. After the complevas established, BS3 was added to the solution at
concentrations ranging from 0.025 to 2 mM, representing a 50 to 46@Dexcess over the

protein concentration. In the final experiments, the incubation time was set to 5 minutes at

room temperature, withgentle shaking at 300 RPM.

SDSPAGE analysis demonstrated that crosslinking was indeed effective. However, the results
from Native PAGE gel electrophoresis indicated that RNA dissociation occurred at higher
concentrations of BS8ig. 33) This finding sugested that BS3 is unsuitable for further
experiments. When ADAR1 was treated with BS3, the protein became less available for
binding to RNA, compromising the integrity of the prot&NA complex.
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dimer
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Figure33/ NR a aft Ay | DARA plB0FwithRINA substrates using BS3.
Crosslinkingffectiveness was evaluated through SBXSGE and native PAGE analyses.

4.5.3.2 Glutaraldehyde
Glutaraldehyde is a widely used crosslinking agent in structural studies, stabilizing transient
protein-protein interactions, which can improve ADARNA complex stabilization in CryoEM.
It has two aldehyde-CHO) groups, that can interact with the primary amine groups present
on proteins, targeting mostly the lysine residues.

The optimized condition for using glutddehyde involved a-finute incubation on ice with
0.05% (v/v) glutaraldehyde. This treatment efficiently crosslinked the protein, as revealed by
SDSPAGE analysis, and successfully maintained the integrity of the ARMNRIcomplex
without dissociation(FHg. 34A) The successful crosslinking made the sample suitable for
subsequent preparation of the cryoEM sample.

Thecros§ AY{ SR O2YLX SES&a 2F pmoo !'5!wm Lmpn 6Adl
or TTYH2 (Fig. 34D) RNA were prepared using QUANTIBRIgrids and vitrified using a

Vitrobot. The images acquired with the Glacios microscope showed the presence of many free

RNA molecules, indicating that the complex had dissociated, despite the effective
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crosslinking. This dissociation most likely soed during the freezing procedure, making the
samples unsuitable for further experiments.

Figure34/ N2 aaft Ayl Ay3 2F pmoo !5!wm Lvpn 6AGK wb! &dzoad NI (

A. Crosslinking effectiveness evaluated through -PBSE and native PAGE analyses. Congample
before crosslinking, GA after glutaraldehyde crosslinking, GA + spisample afte crosslinking
followed by a spin to remove the aggregates

B. CryoEM analysis of the crosslinked complexes.

45.3.3 SPB
Further experiments focused on optimizing crosslinking usingstieBinimidyd[4-(psoralen
8-yloxy)}butyrate), a bifunctional crosslinking agenbaving two reactive groups: a
succinimidyl ester group targeting primary amine groups on proteins and a psoralen moiety
interacting with nucleic acids, especially with RNA. The dnmagsqg is activated by UV light
which creates covalent crosslinks. Sfieally, upon exposure to UV light at 365 nm, the
psoralen group interacts with pyrimidine bases, forgicovalent interactions (Fig. 8% In
contrast, wavelengths below 300 nm have the opposite effect and can reverse the
crosslinking. The dugrgetingproperties of SPB make it suitable for crosslinking ABRIRA
complexes, as it can interact with both the protein and the RNA components.
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