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CHARACTERIZING THE RNA EDITING SPECIFICITY OF ADAR                

ISOFORMS AND DEAMINASE DOMAINS IN VITRO 

Mariel Therese Bartley, Ph.D. 

The Rockefeller University 2020 

Adenosine deaminases acting on RNA (ADARs) convert adenosine-to-inosine in double stranded 

RNA. Selectivity of editing sites depends on the sequence of the RNA as well as the secondary 

structure. Identification of sites of ADAR editing by editome analysis is skewed due to the different 

abundance of each adenosine-containing triplet, as well as the presence of complex RNA 

structures. 

To determine the editing specificity of each ADAR protein, a high throughput sequencing based 

assay was developed to measure editing in a synthetic dsRNA substrate with one of each of the 16 

different adenosine-containing triplets, so that each possible editing site was equally represented. 

The ADAR1- and ADAR2-deaminases, as well as the full-length ADAR2 and isoforms ADAR1-

p150 and ADAR1-p110, were purified and activity was measured for each, so that the inherent 

activity of the deaminase domains could be characterized and then compared to the editing patterns 

seen for the longer proteins containing dsRNA binding domains and Z-RNA binding domains. 

The ADAR1 deaminase was found to skew slightly to favoring 5’A editing sites, while ADAR2-

deaminase favored 5’U. From homology modelling of ADAR1 onto the ADAR2 crystal structure, 

this difference in editing specificity could be due to the ADAR1 protein having a weaker 

interaction with the orphan base of the RNA substrate. 



 

 

Characterization of full-length ADAR1-p110 and ADAR2 found that each full-length protein had 

less editing of the UAG triplet than the respective deaminases, while ADAR1-p110 increased 

editing of the AAG triplet and ADAR2 increased editing of the CAG triplet. Comparing ADAR1 

isoforms p110 and p150 found no significant differences in editing specificity. 

The in vitro assay was also used to confirm the inactivity of the ADAR3 deaminase, and probe 

and characterize the editing specificity of the ADAR3 deaminase mutant A389V, which rescued 

editing activity. The pattern of editing was similar to that of the ADAR1-deaminase, despite 

ADAR3 sharing sequence similarity with ADAR2. 

Insights into the different patterns of substrate selectivity by ADAR deaminases and the likely 

causes of these differences, can provide insight for future development of ADAR deaminase 

constructs for site-directed RNA editing. 

A pilot experiment for characterizing in vitro editing in complex RNA was also performed, using 

HEK 293T total RNA and reovirus T1L RNA as substrates for the purified ADAR constructs. An 

adapted sequencing library preparation was successfully used to identify and count individual 

editing events in reovirus T1L RNA, and further improvements are required to generate enough 

editing sites to compare editing frequencies in both substrates to the 50bp in vitro substrate. The 

goal of characterizing editing in these complex substrates will be to identify RNA secondary 

structures which are differentially edited by the full-length ADAR1-p110 and ADAR2, when 

compared to the dsRBD-lacking deaminase constructs. 
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Chapter I – Introduction 

Post-transcriptional and post-translational regulation 

The complexity of an organism is dependent on both the total number of gene products available 

and the regulation of expression of those genes. To this end, organisms require ways of increasing 

the variation in the transcriptome, and consequently the proteome, without increasing the amount 

of information in the genome or risking damage to the DNA (Athanasiadis et al. 2004; Garncarz 

et al. 2013).  

This increase in variation can be due to post-translational modifications at the protein level, such 

as the addition of phosphate or ubiquitin moieties, or through post-transcriptional modification at 

the RNA level. Modifications of RNA affect both the number of gene products available, through 

mechanisms such as alternative splicing and editing, but also affect the non-coding RNAs involved 

in regulation (Keegan et al. 2001; Barraud & Allain 2012). 

Post-transcriptional regulation of non-coding RNAs are a significant source of organismal 

complexity, as even though only ~1.5% of the genome is translated into a functional protein, the 

majority of the genome is associated with at least one RNA transcript (ENCODE Project 

Consortium et al. 2007), implying a huge pool of RNAs involved in non-protein-coding roles 

within cells. 

The combination of increased protein diversity and complex gene regulation allows for time-

dependent and site-specific modulation of cellular function (Avesson & Barry 2014). Individual 

cells have a specific milieu of protein and RNA to define their role in the organism, without the 

risk of damaging the information source: as regulation at the protein and RNA level allows 

conservation at the DNA level.  



 

2 
 

RNA editing, a specific post-transcriptional modification 

One form of post-transcriptional regulation is RNA editing, which involves the insertion, deletion 

or, more commonly, alteration of a nucleotide within a polynucleotide RNA substrate (Keegan et 

al. 2001). Editing of RNA can affect the coding potential, stability and localization of RNA (Serra 

et al. 2004; Garncarz et al. 2013), which then causes time-dependent and site-specific changes in 

the cell. The primary modifications made to RNA are conversion of single bases from cytosine to 

uracil (C-to-U) or adenosine to inosine (A-to-I), with A-to-I the most widespread editing type in 

higher eukaryotes (Keegan et al. 2001). This widespread A-to-I editing is primarily carried out by 

proteins Adenosine Deaminase Acting on RNA 1 (ADAR1) and ADAR2, a pair of proteins that 

specifically edit adenosines in double-stranded RNA. Editing within coding regions can lead to 

changes in the translated protein, such as an amino acid substitution or introduction or deletion of 

a premature stop codon, as C-to-U edits swap out one RNA base for another, and A-to-I edits 

introduce a non-standard base which is recognized as guanosine (G) by translation and reverse-

transcription machinery (Avesson & Barry 2014). One such example is the amber/W site in 

hepatitis delta virus (HDV) that requires editing by ADARs to change the UAG sequence into 

UGG, which is read through to produce a longer isoform of the viral protein HDAg (Casey et al. 

2006). The shorter isoform S-HDAg is required for replication of HDV, and the longer isoform L-

HDAg is required for formation of HDV particles; editing by ADAR is a required component of 

the HDV viral lifecycle to shift from replication to packaging. 

Outside of a small number of species, such as octopus and squid, that have majority editing in 

coding regions (Alon et al. 2015), editing-induced coding changes are a relatively rare outcome, 

with up to 85% of editing events occur in non-coding regions for most species (Athanasiadis et al. 

2004; Ramaswami & Li 2014). Outcomes of editing in non-coding RNA include disruption of 
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RNA secondary structure by introduction of I:U or U:G mismatches – which can affect protein 

binding interactions and potentially lead to RNA degradation – as well as altered pre-mRNA 

splicing and miRNA processing and targeting –due to sequence changes in splice site donor, 

acceptor or regulatory sequences or within miRNA sequences (Valente & Nishikura 2005; Toth et 

al. 2006; Hogg et al. 2011). 

 

The discovery and characterization of ADAR proteins 

Although the term ‘RNA editing’ was first coined following the observation by Benne et al. (1986) 

of the insertion of four uridines into the trypanosome mitochondrial cytochrome oxidase subunit 

II (COXII) transcript, the majority of RNA editing events are through base conversion, not 

insertion. Shortly after this discovery in trypanosomes, the conversion of cytosine to uracil was 

observed by Powell et al. (1987) in apolipoprotein B (APOB) transcripts. 

In that same year, two groups (Bass & Weintraub 1987; Rebagliati & Melton 1987) working with 

Xenopus laevis oocyte extracts identified what was initially thought to be a helicase protein, 

causing the unwinding of double stranded RNA (dsRNA). The unwinding was not due to helicase 

activity, but due to conversion of adenosines in the duplex to inosines (Bass & Weintraub 1988). 

The newly introduced inosines formed I:U wobble pairs, destabilizing the duplex and leading to 

the aforementioned unwinding activity. Polson et al. (1991) then determined that the mechanism 

of adenosine to inosine conversion was through hydrolytic deamination. The solved crystal 

structure of the Escherichia coli (E. coli) cytidine deaminase (cdd) by Betts et al. (1994) illustrated 

that cytidine-to-uridine conversion also uses a mechanism of hydrolytic deamination. The 

mechanism for both A-to-I and C-to-U deamination is shown in figure 1.1 (Gerber & Keller 2001).  
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Figure 1.1. Deamination mechanism used by AID/APOBEC and ADAR proteins. Both families 

utilize hydrolytic deamination to remove the amine group, with AID/APOBEC deaminating the 

C4 of the cytidine base to produce uridine, and ADAR deaminating C6 of the adenosine base to 

produce inosine. Inosine is recognized as guanine by splicing and translation machinery (Gerber 

& Keller 2001). 

 

Following the initial observation of A-to-I editing in 1987, the family of proteins responsible was 

identified and cloned in the years that followed. The human homolog of the protein responsible 

for the observed A-to-I editing in Xenopus extracts was cloned in 1994 by Kim et al. and dubbed 

double-stranded RNA adenosine deaminase (DRADA). Shortly after, Patterson and Samuel (1995) 

observed that the protein encoded by DRADA exists in two main size isoforms. As more members 

of the ADAR family were discovered the field developed a standardized nomenclature, detailed 

by Bass et al. (1997). At this stage DRADA was renamed ADAR, and the expressed protein 

ADAR1. Shortly thereafter, Melcher et al. (1996a) identified and cloned a second A-to-I editing 



 

5 
 

gene from the rat genome, dubbed dsRNA-Specific Editase 1 (Red1); the human RED1 was 

subsequently cloned by O’Connell et al. (1997) and this gene was later renamed ADARB1, 

encoding protein ADAR2 (Bass et al. 1997). 

Concurrent to the identification of the two active enzymes in the ADAR family, two inactive 

proteins were also discovered. First, in 1995, Schumacher et al. cloned Testis Nuclear RNA-

Binding Protein (TENR) from mice, a testes-specific protein that lacks the active site residues. 

Patterson and Samuel (1995) observed that the mouse TENR shared sequence homology with the 

human DRADA, indicating that the proteins were likely in the same family. TENR was later 

renamed Adenosine Deaminase Containing 1 (ADAD1) to match the standardized nomenclature 

previously set out (Bass et al. 1997; Keegan et al. 2004). Lastly, the brain specific Red2 was first 

cloned from rats by Melcher et al. (1996b) and then the human RED2 was cloned by Chen et al. 

(2000) and renamed ADARB2, encoding protein ADAR3. Both groups observed that ADAR3 is 

restricted to specific regions of the brain and has no apparent editing activity. From sequence 

alignment, the active site residues are still present, so the mechanism of inactivity must be different 

to that of ADAD1, but as of yet has not been determined. 

The protein responsible for the C-to-U editing in apoB transcripts observed in 1987 by Powell et 

al., was later identified as Apolipoprotein B mRNA Editing enzyme, Catalytic polypeptide-like 1 

(APOBEC1) (Teng et al. 1993). Alignment of the APOBEC1 sequence, along with other members 

of the Activation Induced cytidine Deaminase (AID, encoded by AICDA) / APOBEC family 

discovered later, show similar deaminase motifs by sequence alignment (Conticello et al. 2005). 

Although the AID/APOBEC family have a wider range of editing substrates, with some members 

of the family editing DNA rather than RNA, all members use the same catalytic mechanism as the 

ADAR family (Conticello et al. 2005, Salter et al. 2016). 
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Evolution of the CDA superfamily 

Although the ADAR and AID/APOBEC families target different nucleotides for editing, all 

proteins have been determined to belong to the Cytidine Deaminase-like superfamily (Hogg et al. 

2011), supported by the observation that all of the proteins use the same mechanism of hydrolytic 

deamination to convert bases within polynucleotides. Sequence alignment identifies similar 

catalytic domains, both to each other and to the mononucleotide deaminating enzyme Cytidine 

Deaminase (CDA), which is a single-domain protein that converts free cytosine nucleosides into 

uridines (Jin et al. 2009). Some primordial form of CDA is the most likely ancestor of the modern 

editing enzymes. Multiple analyses by Jin et al. (2009), Keegan et al. (2011), Grice & Degnan 

(2015), and Kohn et al. (2015) have determined a likely evolutionary development pathway for 

the AID/APOBEC/ADAR families within the CDA superfamily. 

From a primordial CDA, a likely duplication event – and mutations in the residues in the active 

site excluding cytosine and allowing adenosine – led to a split between the cytidine-editing CDA 

and the newer adenosine-editing protein. This new adenosine-specific protein was an ADAT2-like 

protein. The modern Adenosine Deaminase Acting on tRNA 2 (ADAT2) is a eukaryotic tRNA 

editing enzyme that is similarly present in bacteria as the tadA protein and in yeast as Tad2p 

(TAD2), indicating the appearance of ADAT2-like proteins occurred before the split of eukaryotes 

and prokaryotes (Grice & Degnan 2015). Further expansion of the tRNA-editing enzymes likely 

occurred early in eukaryotic development, with mirrored expansion in both protozoa and metazoa: 

in yeast the Tad2p-like protein later duplicated into Tad1p and the inactive Tad3p, while in 

metazoa the ADAT2-like gene duplicated into ADAT1 and the inactive ADAT3 (Gerber & Keller 

2001). The last metazoan ADAT2-like protein to appear, ADAT1, is theorized to be the ancestor 

of the ADAR family. 
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ADAR genes have not been identified in plant, fungal or yeast genomes (Jin et al. 2009), indicating 

their emergence after the metazoa/protozoa split. However, ADAR proteins must have developed 

shortly after this, as ADARs are present in cnidarians, including anemones and hydrozoans, as 

well as sponges and ctenophores, which represent one of the earliest splits in the metazoan lineage 

(Grice & Degnan 2015, Kohn et al. 2015). This implies that ADAR proteins came into existence 

before the split of Eumetazoa from sponges and ctenophores. 

At this stage all of the RNA editing enzymes were still single domain proteins, with only a catalytic 

domain. The emergence of ADAR proteins likely occurred following a duplication of an ADAT1-

like gene and the acquisition of a double-stranded RNA binding domain (dsRBD) to produce the 

ancestral ADAR2. The most likely split of the ancestral ADAR2 and ancestral ADAR1 also 

occurred before the Eumetazoa/sponge split, as an ADAR1-like protein is present in sponges and 

anemones. The ancestral ADAR1-like protein was distinguished from the ADAR2-like protein by 

the acquisition of a Z-DNA binding domain (ZBD) (Grice & Degnan 2015).  

Later, in early vertebrates, the ADAR2-like protein likely duplicated again, gained a ssRNA 

binding patch and lost enzymatic activity to produce the ADAR3 protein (Jin et al. 2009). A second 

duplication of ADAR2 during early vertebrate development, and subsequent loss of activity and 

restriction to the testes led to the appearance of ADAD1. 

The maintenance of both inactive proteins in vertebrates – ADAR3 is conserved in all tested 

vertebrates from fish to human (Jin et al. 2009), and ADAD1 has been identified in mice, rats, 

macaques and humans – indicates that these proteins have a necessary regulatory role in these 

species. It is more likely that ADAR3 and ADAD1 represent two different duplication events from 

ADAR2, rather than a single duplication event followed by the proteins becoming tissue-specific 

and then losing catalytic activity through different means. 



 

8 
 

The presence of ADAR proteins throughout metazoan development indicates that ADAR-

mediated editing could have played a role in gene regulation during this development, potentially 

contributing to the emergence of complex tissue organization. The high levels of ADAR1 observed 

during early stages of development (Wang et al. 2004; Samuel 2012) and the specific expression 

in neural tissue and editing of brain-specific transcripts implies a role for ADAR in the 

development of the nervous system (Hoopengardner et al. 2003). 

Particularly, the emergence of ADAR proteins in metazoan development mirrors the emergence 

of a complex nervous system, and continued expression in neural tissue implies a continued role 

in nervous system function. 

In more recent evolutionary times, ADAR1 has been lost in some species, including some insects 

and crustaceans, while ADAR2 is typically maintained (Keegan et al. 2011). For example, 

Drosophila melanogaster (D. melanogaster) only has a single ADAR2-like gene, and no ADAR1-

like equivalent. A small number of species have ADAR-like proteins that cannot be defined as 

either ADAR1 or ADAR2, specifically nematodes and flatworms. This includes Caenorhabditis 

elegans, which has genes adr-1 and adr-2 that are not distinctly identified as homologs of either 

ADAR1 or ADAR2. 

The CDA-like enzymes which still recognized cytosine did not diversify until much later. The 

ancestral AID-like protein only appears in vertebrates, followed by duplication into APOBEC2 

and APOBEC4 soon after. In mammals, two more APOBECs appeared: APOBEC3 from an AID-

like ancestor and APOBEC1 from an AID-like or APOBEC4-like ancestor. APOBEC3 then 

underwent a rapid expansion into APOBEC3A-H specifically in primates (Salter et al. 2016). The 

much later evolution of the APOBEC family relative to the ADAR family, could be due to the role 

of APOBECs as a correction mechanism. Increased gene sequence variation and organismal 
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complexity require a compensation mechanism such as DNA/RNA editing by APOBECs to 

maintain genomic stability (Brennicke et al. 1999). The expansion of the APOBEC3 family in 

primates is especially interesting, considering that the majority of ADAR1 editing targets are in 

Alu elements, which are also primate specific (Daniel et al. 2014; Levanon & Eisenberg 2015). 

Characteristics of the ADAR Family Members 

The three members of the modern ADAR family in humans are ADAR1, ADAR2, and ADAR3, 

encoded by ADAR, ADARB1, and ADARB2, respectively. As seen in figure 1.2 (Tomaselli et al. 

2013) all three proteins contain a catalytic deaminase domain at the C-terminal end, two or three 

double-stranded RNA binding domains (dsRBDs), and a nuclear localization signal (NLS). Some 

members of the family also contain Z-DNA/Z-RNA binding domains (ZBDs), a nuclear export 

signal (NES) and an R domain that can bind ssRNA/ssDNA (Samuel 2001; Bass 2002). 

ADAR1 has two significant size isoforms, ADAR1-p150 and ADAR1-p110, generated by 

alternative promoter usage and alternative splicing (Patterson & Samuel 1995; George & Samuel 

1999. The longer isoform, ADAR1-p150, is 1226 amino acids (aa) and expressed from an 

interferon-inducible promoter. ADAR1-p110, the shorter isoform, starts from M296 of the longer 

isoform, generating a 931aa protein from a constitutive promoter (Kim et al. 1994; O’Connell et 

al. 1995; Herbert et al. 1997). ADAR2 and ADAR3 are also expressed from constitutive 

promoters. Whilst ADAR1-p150 and -p110 are named for their apparent size when run on a sodium 

dodecyl sulfate-polyacrylamide gel (Patterson and Samuel 1995; George et al. 2005), that is 

150kDa and 110kDa respectively, the proteins are actually smaller when calculated from the amino 

acid sequence: ADAR1-p150 is ~133kDa and ADAR1-p110 is ~103kDa. The smaller ADAR2 

(701aa) and ADAR3 (739aa) proteins are calculated to be ~77kDa and ~80kDa respectively. 
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Figure 1.2. Structure of ADAR family proteins: ADAR1, ADAR2, and ADAR3. The ADAR 

enzymes contain a C-terminal conserved catalytic deaminase domain (DM), two or three dsRBDs 

in the N-terminal portion. ADAR1 full-length protein also contains a N-terminal Zα domain with 

a nuclear export signal (NES) and a Zβ domain, while ADAR3 has a  R-domain. A nuclear 

localization signal is also indicated (Tomaselli et al. 2013). Domain boundaries are shown below 

each protein domain. 

Expression across cell types 

ADAR1-p110 is ubiquitously expressed across many tissue types, with highest mRNA levels 

observed in the brain and lungs (Kim et al. 1994; O’Connell et al. 1995; Patterson & Samuel 1995). 

ADAR1-p150 is similarly ubiquitously expressed across many tissue types, albeit at much lower 

levels than ADAR1-p110, and has increased levels following infection. Interestingly, George et 

al. (2005) found that in the mouse, upregulation of ADAR1-p150 after infection led to increased 

expression in many tissues, but not in the brain. Similar to ADAR1-p110, ADAR2 is ubiquitously 

expressed, with low levels in most tissues and highest expression in the brain (Melcher et al. 

1996a). ADAR3 is exclusively expressed in the brain, with highest levels observed in the thalamus 
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and amygdala (Chen et al. 2000). As previously mentioned, the expansion of the ADAR family of 

proteins paralleled the development of complex nervous systems, and the specific expression of 

ADAR proteins in the brain further illustrates the point that these proteins are likely playing an as-

yet-to-be-determined role in the complex post-transcriptional regulation occurring in the brain. 

Localization within cells 

All three ADAR proteins possess a putative nuclear localization signal (NLS) (Eckmann et al. 

2001; Strehblow et al. 2002) and have been observed to be exclusively nuclear, with the exception 

of the longer ADAR1-p150 isoform that also contains a nuclear export signal (NES) in the N-

terminal sequence absent in ADAR1-p110 (Poulsen et al. 2001). Due to having both an NLS and 

NES, ADAR1-p150 has been observed to be primarily cytoplasmic, with the ability to shuttle 

between the cytoplasm and nucleus (Patterson and Samuel 1995; Poulsen et al. 2001). Both 

ADAR2 and ADAR3 have a “classic” NLS (cNLS), that interacts with members of the importin 

alpha family to facilitate nuclear localization (Maas & Gommans 2009), with the cNLS sequence 

in the unstructured N-terminal region of each protein. The ADAR1 NLS is non-canonical, with 

the motif split into two regions of the protein. Half of the residues are upstream of the 3rd dsRBD 

and the remaining residues are immediately downstream of the dsRBD. An additional α-helix 

present in this dsRBD brings the N- and C-terminal flanking sequences into close proximity to 

form the full NLS motif. Nuclear localization of ADAR1, unlike the other two family members, 

is facilitated by transportin 1 (Barraud et al. 2014). Strehblow et al. (2002) observed that nuclear 

localization was impeded when RNA was bound to the protein, and NMR structures of the 3rd 

dsRBD by Barraud et al. (2014) identified the mechanism causing the inhibition. The group 

observed that binding of dsRNA to the domain is a steric hindrance to binding of transportin 1, 

allowing either RNA binding or nuclear localization but not both. 
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Characteristics of the protein domains 

Double-stranded RNA binding domains 

As shown in figure 1.2, ADAR2 and ADAR3 possess two dsRBDs, while ADAR1 contains three. 

ADAR3 also contains an R-rich domain, which has been shown to bind to ssRNA and ssDNA 

(Melcher et al. 1996b; Chen et al. 2000). 

Double-stranded RNA binding domains (dsRBD) are found in a number of viral, prokaryotic and 

eukaryotic proteins with diverse functions and proteins with dsRBDs generally have multiple 

copies of the motif with varying affinities for dsRNA (Chang & Ramos 2005; Lunde et al. 2007). 

They have a conserved structural motif of an α-helix followed by three anti-parallel β-sheets and 

then a second α-helix. This structural conservation allows the domain to recognize the RNA sugar-

phosphate backbone, which gives dsRBD the ability to distinguish between RNA and DNA but 

not to recognize different sequences (Stefl et al. 2005). Shown in figure 1.3 (Barraud & Allain 

2012) is a sequence alignment of a number of dsRBDs from ADAR family members from human, 

d. melanogaster and c. elegans. A trio of lysine residues form the conserved binding motif KKxxK, 

highlighted in red in helix α2, and these residues project into the major groove of the RNA (Chang 

& Ramos 2005; Poulsen et al. 2006). Mutation of the motif from KKxxK to EAxxA has been used 

by multiple groups to decrease RNA binding affinity from the nM range to mM (Chilibeck et al. 

2006; Valente & Nishikura 2007; Ota et al. 2013; Barraud et al. 2014). The Interaction is stabilized 

by contact between the minor grooves on either side with less conserved residues in the α1 helix 

(LxxLxxL) and loops 2 (PxHxP) and 4 (T/S) of the dsRBD. Overall, the dsRBD binding footprint 

covers ~20bp of the RNA, across two minor grooves. 
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Figure 1.3. Sequence homology of dsRBD of ADAR in human, d. melanogaster and c. elegans, 

with conserved residues in color. The location of the two α-helices and three β-sheets is shown 

above the sequences, as are the 4 unstructured loops. The conserved KKxxK motif can be seen 

highlighted in red in the α2 helix at the C-terminal end (Barraud & Allain 2012). 

 

There is some evidence that if the RNA substrate is distorted from a perfectly helical shape, the 

dsRBD domains can interact with the RNA in a sequence-specific manner, as opposed to the 

majority of interactions between dsRBDs and RNA, which occur along the RNA backbone in a 

non sequence-specific manner. Interactions between dsRBDs and the bases in RNA have been 

shown to interact directly in hairpin loop structures (Ramos et al. 2000; Wu et al. 2004; Tian et al. 

2004). Stefl et al. (2006, 2010) showed, using NMR solution structures, binding of the ADAR2 

dsRBD2 to a well-characterized ADAR2 substrate, GLURB R/G, with a number of interactions 

between the protein and specific bases of the substrate.  

Z-DNA binding domains 

ADAR1-p150 contains two Z-DNA/Z-RNA binding domains (ZBDs) at the N-terminal end of the 

protein, that can bind to left-handed Z-form nucleic acid (Athanasiadis et al. 2005). Z-form nucleic 

acid is an alternative, higher energy, form of nucleic acid, which is left-handed as opposed to A- 
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and B-form nucleic acid which are right-handed. The formation of Z-form nucleic acid can be 

induced and stabilized following binding of a ZBD (Lee et al. 2012; Ng et al. 2013), which is 

mediated through a combination of hydrogen bonding to the backbone, van der Waals interactions 

and coordination of water molecules (Schwartz et al. 1999). ZBD binding is not necessary for 

RNA editing by ADAR1, but editing is enhanced when Zα is bound to Z-RNA (Koeris et al. 2005; 

Herbert & Rich 2001). The roles of the ZBD in ADAR function have not yet been determined. 

ZBDs have a conserved structural motif of three α-helices followed by a β-hairpin. Ha et al. (2009) 

crystallized the ADAR1 Zα domain in complex with Z-DNA, showing the binding interaction and 

identifying residues involved in the interaction. Mutation of these residues to K169A and Y177A 

is able to disrupt Z-form binding, confirming their role in binding (Ng et al. 2013). Several of the 

important binding residues in Zα are missing in Zβ, which is not able to bind Z-form nucleic acid, 

and the role of Zβ is not yet known (Schwartz et al. 1999; Barraud et al. 2012; Athanasiadis et al. 

2005). The shorter ADAR1-p110 isoform also contains the Zβ domain but, as the domain is non-

functional, the ADAR1-p110 protein does not have the ability to bind Z-DNA/Z-RNA.  

The specific role of the Zα domain in ADAR1-p150 has yet to be determined but it has been 

determined that the domain is required for normal ADAR1 function, as some of the mutations 

associated with the Type I interferonopathy Aicardi-Goutières Syndrome (AGS) are found in the 

Zα domain (Rice et al. 2012). A potential role for the Zα domain could be to localize ADAR1-

p150 to sites of active transcription or other sites of complex left-handed RNA structure (Herbert 

& Rich 2001). Interestingly, the E3L protein of vaccinia virus also contains a ZBD, and is a potent 

inhibitor of ADAR1 editing activity (Liu et al. 2001). 
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Deaminase domain 

The CDA superfamily is defined by the C-terminal deaminase domain present in all members of 

the family (Schaub et al. 2002). From sequence alignment – and based on crystal structures for 

some members of the family (Betts et al. 1994; Macbeth et al. 2005) – all family members contain 

a distinct zinc-dependent deaminase (ZDD) motif: a histidine and two cysteines, often separated 

into two or three separate regions of the domain. Some members of the family have the cysteines 

in close proximity to each other, while for others the residues are distant in the sequence but 

brought together in the secondary structure. A fourth residue, a glutamate that forms a HxE motif 

with the histidine, is believed to mediate proton transfer between a coordinated H2O molecule and 

the adenosine (or cytosine) base, as illustrated previously in figure 1.1 (Gerber & Keller 2001). 

The editing mechanism for ADAR1 is presumed, based on sequence alignments the crystal 

structures available for ADAR2. Mutating the ADAR1 active site glutamate (E912A) and histidine 

(H910Q) kills activity, evidence that these residues are components of the active site (Liu & 

Samuel 1999; Valente & Nishikura 2007). In 2005, Macbeth et al. first crystallized the deaminase 

domain of ADAR2, illustrating the zinc ion coordinated by the ZDD, which in ADAR2 is formed 

by residues H394, E396, C451 and C516. This also was the first observation that ADAR2 has a 

cofactor: an inositol hexakisphosphate (IP6) molecule was found buried in the core, presumably as 

a stabilizer. IP6 was found to be required for protein activity, and similarly is required for ADAT1 

activity indicating that IP6 is likely present in all ADAR/ADAT proteins. 

Prior to 2016, the orientation of adenosine in the active site was theorized through modelling 

adenosine monophosphate (AMP) into the crystal structure (Pokharel et al. 2009; Mizrahi et al. 

2012). For the adenosine to sit in the active site, it required the base to be free from the double-

stranded substrate RNA. Sequence analysis of Xenopus and human ADARs by Hough and Bass 



 

16 
 

(1997) showed similarities between ADAR and DNA cytosine methyltransferases, including the 

presence of the ZDD residues. Shortly before this observation, a crystal structure by Cheng et al. 

(1993) of the bacterial methyltransferase hhaI showed the mechanism of action by these proteins: 

the targeted cytosine was flipped out of the RNA and embedded in the protein active site. Due to 

the similarity in sequences, Hough and Bass theorized that ADARs could be using the same base-

flipping mechanism to access the target adenosine. This mechanism was finally observed for 

ADAR2 with the 2016 crystal structure by Matthews et al., which captured the ADAR2 deaminase 

in complex with a dsRNA substrate. The trapped conformation was achieved by replacing the 

adenosine with the analogue base 8-azanebularine, which cannot be fully deaminated and so gets 

trapped in complex with the glutamate and water molecule (Mizrahi et al. 2012). They also used 

an RNA substrate with an A:C mismatch that is easier to flip out than an A:U pair (Källman et al. 

2003), and mutated a glutamate residue that interact with the orphaned cytosine to a glutamine, as 

the E488Q mutation has previously been shown to increase editing efficiency (Kuttan & Bass, 

2012; Phelps et al. 2015). 

Figure 1.4 shows the crystal structure of the ADAR2 deaminase domain in complex with a dsRNA 

substrate (Matthews et al. 2016). The targeted adenosine is visible in the active site, flipped out of 

the duplex RNA, and the orphaned cytosine is in close proximity to the E488Q residue of the 

protein. The loop of protein that interacts with the opposing RNA strand is theorized to be the 

mechanism for base-flipping: the protein intercalates into the RNA, forcing the two strands of 

RNA to loosen and allowing the adenosine to flip. This base-flipping loop is highlighted yellow 

in figure 1.5, which shows the alignment of the ADAR1, ADAR2 and ADAR3 deaminases. 

Interestingly, the glutamate residue that interacts with the orphan base (E488 in ADAR2, E1008 

in ADAR1) is flanked by glycine residues, likely making the base-flipping loop highly flexible.  
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Figure 1.4. Crystal structure of ADAR2 deaminase in complex with dsRNA, from Matthews et 

al. (2016) [PDB 5ED1] from side (a) and top (b) view. The analogue base 8-azanebularine is shown 

in red, flipped out of the duplex RNA and coordinated by residues in the active site; the zinc ion 

is visible as a grey sphere behind the base in (a). The IP6 cofactor buried in the core of the protein 

is visible as a red space filling model. The 5’ binding loop is shown in green, in contact with the 

5’ end of the RNA substrate. These residues were not visible in the previous crystal structure by 

Macbeth et al. (2005) [PDB 1ZY7]. The mutated residue E488Q is highlighted yellow and is in 

contact with the orphaned base. 
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Figure 1.5. Sequence alignment of the deaminase domains from human ADAR1, ADAR2 and 

ADAR3. The zinc-dependent deaminase motif is highlighted in cyan, other residues that line the 

active site pocket are colored grey. The loop that intercalates into the RNA to interact with the 

orphaned base is highlighted yellow and the 5’ binding loop is shown in the green box, matching 

the green residues in Figure 4. Bolded residues in the green box are those that are only structured 

when in contact with RNA. 
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The glycine immediately upstream of the glutamate in ADAR1 is the site of one of the most 

deleterious AGS disease mutations, G1007R, which decreases editing activity of the protein (Rice 

et al. 2012), implying that the interaction with the orphan base is highly linked to the activity level 

of the protein. 

Figure 1.4 also illustrates a region of protein that was unstructured in the previous ADAR2 crystal 

structure (Macbeth et al. 2005) but becomes structured in the presence of substrate RNA: the 5’ 

binding loop, so named as it interacts with the 5’ end of the adenosine-containing RNA strand. In 

Figure 1.5, this region is highlighted by a green box, with the unstructured residues in bold. The 

ADAR1 loop has five additional residues and so the ADAR2 crystal structure cannot accurately 

predict the structure of this region for ADAR1. 

The alignment of deaminase sequences from ADAR1, ADAR2 and ADAR3 shows the relationship 

between the proteins that has been used to determine their evolutionary distance. The ADAR1 

sequence is equally similar to both ADAR2 (55% similar, 39% identical) and ADAR3 (54% 

similar, 39% identical), which follows if ADAR1 and ADAR2 split early in metazoan 

development. ADAR3, as a likely duplication of ADAR2 in vertebrates, shares 75% similarity and 

56% identity with the ADAR2 protein. The ZDD residues that coordinate the active site zinc and 

H2O are highlighted cyan and are present in ADAR3 despite the lack of activity. Other residues 

that line the active site are highlighted grey, with ADAR2 and ADAR3 sharing the same residues 

except for one: V351 / A389. The ADAR1 active site residues are more divergent. While ADAR2 

and ADAR3 have residues V/A-T-K-R, ADAR1 has I-N-R-A. The most significant difference is 

A970, which in ADAR2 is R455. From crystal structures of ADAR2, the arginine interacts with 

the N7 of the purine adenosine. The smaller alanine residue in ADAR1 likely coordinates a H2O 

molecule that bridges the gap between the residue and base (Mizrahi et al. 2012). 
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Overall, the deaminase has a footprint of ~20bp along the length of the substrate RNA, with three 

main regions of contact: the adenosine in the active site, the base-flipping loop that contacts the 

orphan base, and the 5’ binding loop that interacts with the 5’ end of the substrate, of differing 

lengths in ADAR1 and ADAR2.  

 

ADAR editing substrates 

General RNA characteristics 

Early work characterizing ADAR editing found that RNA duplexes >100bp with perfectly or near-

perfectly matched base pairs undergo hyper-editing, with promiscuous deamination of 50-60% of 

adenosines in the substrate (Bass & Weintraub 1988; Nishikura et al. 1991). As substrate length 

decreased, so did editing efficiency. Shorter RNAs with mismatches, bulges and internal loops 

decreased overall editing levels and increased the selectivity of editing sites, with <10% editing 

(Lehmann & Bass 1999, 2000). 

Nishikura et al. (1991) determined that a 15bp RNA duplex was not sufficient for editing by 

ADAR1, but a duplex of 23bp was editable. This length is just beyond the expected footprint of 

the deaminase domain interaction, at 20bp. Modelling of the ADAR2 deaminase in complex with 

duplex RNA of this length by Thomas & Beal (2017) showed that editing of a substrate this short 

would be due to binding by the deaminase domain alone, as the RNA structure would be distorted 

by the interaction and not allow dsRBD to bind. Modelling the interaction for a 33bp duplex, they 

observed that both the deaminase and a single dsRBD would be able to bind this slightly longer 

substrate. 
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ADAR2 editing substrates 

ADAR2 has several well characterized editing targets in coding regions of brain-specific 

transcripts. These targets include the Glutamate Receptor subunit B (GluR-2, encoded by GLURB) 

(Liu & Samuel 1999; Lehmann & Bass 2000) and the Serotonin 2C Receptor (5-HT2CR, encoded 

by 5HT2C) (Burns et al. 1997; Liu et al. 1999). The 5HT2C transcript has at least five adenosines 

(designated sites A-E) which are edited to different efficiencies by ADAR1 and ADAR2. As many 

as 24 different transcript sequences have been found, that have different patterns of expression in 

different regions of the brain; the subsequent changes in protein residues affect alternative splicing 

and affinity for binding partners. 

The GLURB pre-mRNA has two sites, Q/R and R/G, that are targeted by ADAR2; the residue 

changes due to editing at these sites decrease Ca2+ permeability of the Glutamate receptor ion pore. 

The brain specific nature of ADAR2 targets, coupled to the brain specific expression of ADAR3, 

implies that ADAR2/ADAR3 editing could be involved in transcriptional regulation in the brain. 

The GLURB Q/R site is especially notable, as editing by ADAR2 is ~100% efficient in the adult 

brain. The level of editing is lower, and variable across different regions of the brain, during 

development.  ADAR3 has been shown to be able to bind to the GLURB pre-mRNA, suppressing 

the level of ADAR2 editing (Chen et al. 2000; Oakes et al. 2017b).  

ADAR1 editing substrates 

Unlike ADAR2, the majority of ADAR1 editing sites have been found in non-coding regions, split 

evenly between introns and 3’UTRs (Chung et al. 2018). Most of these events are localized to Alu 

repeat elements (Kim et al. 2004; Ramaswami & Li 2013; Daniel et al. 2014; Tan et al. 2017; 

Chung et al. 2018). Daniel et al. argues that editing is most likely occurring in inverted repeat Alu 
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elements, which form long duplexes due to the similar sequences of each Alu, rather than occurring 

in individual Alu elements, which form complex tertiary structures. The purpose of ADAR1 

editing of non-coding RNA is likely to prevent self-RNA from activating innate immune 

responses. Absence of ADAR editing in mice was found to be embryonic lethal (Liddicoat et al. 

2015), with the lethal phenotype rescued by concurrently knocking down the innate immune sensor 

MDA-5. Chung et al. (2018) found that ADAR-/- neural progenitor cells also exhibited MDA-5 

dependent immune activation, as well as activation of the dsRNA sensor PKR. ADAR1 may be 

preventing activation of PKR and MDA-5 by decreasing the pool of double-stranded self-RNA. 

 

Structure of RNA editing substrates 

The difference in substrate pools for ADAR1 and ADAR2 implies that there are distinct 

interactions between the deaminase domain, dsRBDs and substrate RNA for each proteins. Work 

by Thomas and Beal (2017) and Wang et al. (2018) to analyze the RNA substrates favored by 

ADAR1 and ADAR2 have found that the RNA structure and presence of loops and bulges is a 

strong determinant for substrate selection – especially considering that dsRBDs primarily bind the 

RNA backbone and do not have much sequence specificity. A number of RNA structures favored 

by each ADAR protein are shown in figure 1.6 (Thomas & Beal 2017; Wang et al. 2018). 

Both the full-length ADAR1 and the ADAR1 deaminase favor RNA with loops or more complex 

structures 3 to 6bp 5’ of the editing site, such as in human transcripts GLI1, AZIN1, and NEIL1, 

and yeast transcripts HER1 and GSY1 (1.6 a-e). The full-length ADAR2 favors substrates with 

long duplex RNA 3’ of the active site, with mismatches occurring at least 9-10bp downstream, 

such as the two GLURB substrates Q/R (1.6 f) and R/G (1.6 g). The solution structures of ADAR2 
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dsRBDs binding to the GLURB R/G substrate by Stefl et al. (2006, 2010) illustrated this 

specificity: the two dsRBDs of ADAR2 bound to the region of the duplex containing the 

mismatches, downstream of the editing site.  

 

Figure 1.6. Structures of RNA substrates edited by ADAR1 (a-e), ADAR2 (f-g), both (h) and 

ADAR2-deaminase (i), with targeted adenosines highlighted in red. ADAR1 targets include the 

human transcripts GLI1 (a), AZIN1 (b), and NEIL1 (c) and the yeast transcripts HER1 (d) and GSY1 

(e). ADAR2 targets are the GLURB transcripts at the Q/R (f) and R/G (h) sites. The 5HT2C 

transcript (h) is a target for both ADAR1 and ADAR2, while the yeast-derived BDF2 (i) substrate 

is edited by the ADAR2 deaminase. Figure adapted from Thomas & Beal 2017, with yeast 

substrates from Wang et al. (2018). 
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As ADAR1 has specificity dependent on the RNA structure 5’ of the editing site, and ADAR2 

depends on the 3’ structure, there is an RNA substrate that contains both of these characteristics: 

the human 5HT2C transcript (1.6 h). Sites A and B are edited by ADAR1, and though not shown 

in the figure, there is a loop 4bp upstream of the editing sites, and other loop 7bp upstream. The 

two un-highlighted adenosines between sites B and D are edited by both ADAR1 and ADAR2 to 

low efficiency. Site D is edited specifically by ADAR2, and the expected mismatch appears 15bp 

downstream. 

The ADAR2 deaminase has a different substrate specificity to the full-length protein, with 

observed editing in fully-duplex regions, such as site F in the 5HT2C transcript (1.6 h), as well as 

favoring editing in sites at the 5’ edge of loops, such as in yeast BDF2 (1.6 i). This tendency to 

edit in loops had been previously observed by Phelps et al. (2015). 

Development of methods for measuring catalytic activity 

Adenosine deaminase editing activity on dsRNA was first observed by Bass and Weintraub (1988), 

following incubation of Xenopus nuclear extract with a 518bp dsRNA. When the RNA was 

digested and the bases separated by Thin Layer Chromatography (TLC), they observed loss of 

signal for adenosine (A) and an increased signal co-migrating with guanosine (G). Further TLC 

that could separate G from the similar base inosine (I) showed the newly generated base was co-

migrating with I, not G. Whilst early measurements of ADAR activity utilized radiolabeled TLC 

to compare the signal intensity of A and I, this later transitioned over to using fluorescent 

substrates. One particular assay uses an RNA substrate with a UAG stop codon in a hairpin loop. 

Following ADAR editing of the site, there is readthrough of the hairpin and translation of a 

downstream open reading frame, generating the fluorescent signal (Oakes et al. 2017a). 
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To be able to identify specific A-to-I editing events, rather than measuring the overall activity 

level, Sanger sequencing has been used. Koeris et al. (2005) measured editing using this method 

by incubating cytosolic extracts from HEK 293T overexpressing ADAR1 with a synthetic dsRNA. 

Following RNA isolation, reverse transcription and cloning into a plasmid, individual clones were 

sequenced and the ratio of A:G at each adenosine position was counted to determine the editing 

percentage, which ranged from negligible to ~70% edited. 

With the recent advances and availability of High Throughput Sequencing, identification of many 

editing sites in the transcriptome concurrently is now feasible (Ramaswami & Li 2014). 

‘Editomes’ – the A-to-I sites within a transcriptome – have been generated for many different 

species, including D. melanogaster (Yablonovitch et al. 2017), domestic cows (Bakhtiarizadeh et 

al. 2018), sheep (Zhang et al. 2019a), pigs (Zhang et al. 2019b), wild boar (Yang et al. 2019), 

octopus, squid and cuttlefish (Liscovitch-Brauer et al. 2017). In humans, an editome ‘atlas’ has 

been generated, with editomes for many different tissues allowing in depth analysis of how editing 

patterns change in different tissues (Tan et al. 2017). 

Characterising editing site sequence preferences 

Along with selection of RNA substrates by structure, the sequence surrounding the targeted 

adenosine also plays a role in how editable specific adenosines are. By identifying which 

adenosines are edited to high or low efficiency and then observing the sequence context, general 

rules for which 5’ and 3’ neighbors are allowed have been determined. The neighbor preferences 

initially determined for ADAR1 by Polson and Bass (1994) were a 5’ neighbor of A = U > C > G, 

and a 3’ neighbor of G = C > U > A. Using a sequencing-based method to count editing events in 

a 795bp synthetic dsRNA, Eggington et al. (2011) updated the neighbor preference, determining 

the 5’ neighbor favors U > A > C > G and the 3’ neighbor favors G > C > A > U for both ADAR1 
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and ADAR2. Both Eggington et al. and Bahn et al. (2012) extended the analysis to sites -5 to +5 

of the editing site but found no discernible pattern beyond the immediate neighbors. 

From the crystal structure of ADAR2, Matthews et al. (2016) modelled different bases into the 5’ 

and 3’ positions of the substrate RNA and found that a 5’C or 5’G would have a steric clash with 

the protein, explaining why these 5’ neighbors are disfavored. The 3’ neighbor position can 

accommodate any of the four bases, but only a 3’G can act as a hydrogen bond donor to stabilize 

the active site conformation, thus why a 3’G is far more prevalent than the other three options. 

Targeting of editing sites is not only dependent on what is accommodated by the active site 

however, as the GLURB Q/R site – edited to ~100% in the adult brain – is a CAG, which would 

be sterically unfavorable. The high level of editing of this site is specifically dependent on strong 

binding of the dsRBDs (Öhman et al. 2000). 

Additional complications arise when neighbor preferences are determined from editome data. 

Counting all editing events in an editome does not consider transcript abundance, the percentage 

of editing at each location or even the relative abundance of each triplet in the transcriptome. This 

was illustrated by Wang et al. (2018) when they introduced human ADAR1 into S. cerevisiae to 

identify RNA structures that favor editing. The resulting editome was almost entirely skewed to 

UAG, whereas in a human editome the ADAR1 neighbor preferences show similar levels of AAG, 

UAG and CAG editing, as well as most other possible combinations (Chung et al. 2018). This 

could imply that the yeast transcriptome has a high abundance of UAG relative to all other possible 

5’ and 3’ neighbors for A, and that determining ADAR neighbor preferences from editome data 

can be fraught. 
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Use of ADAR proteins for site-directed RNA editing 

In recent years, there has been much exploration in the use of CRISPR/Cas9 systems to correct 

genetic disorders, but risks remain in making permanent changes in genetic material. Utilizing 

ADAR proteins to target changes in the transcript rather than in the genome could avoid these 

issues, as the genetic information is untouched, and the edited transcripts degrade over time. The 

effects of editing can also be dialed in; the level of editing can be controlled by how much guide-

RNA is added, and this guide-RNA can be targeted to specific cell types (Jain et al. 2019). This 

method of Site-Directed RNA Editing (SDRE) is being explored for both A-to-I editing by ADARs 

(Cox et al. 2017; Vogel et al. 2018; Merkle et al. 2019; Qu et al. 2019) and C-to-U editing by 

APOBECs (Vu & Tsukahara 2017; Salter & Smith 2018). 

There are several different avenues being tested for SDRE systems, but all use a guide-RNA with 

complementary sequence to the editing target. The guide forms a duplex with the sequence, 

making the site double-stranded and thus editable by ADAR proteins. Initially designed similar to 

the CRISPR-Cas system, where a Cas fused to an ADAR-deaminase was used as the effector (Cox 

et al. 2017), newer methods are being developed to avoid use of Cas proteins.  

The two main methods of SDRE development are addition of both exogenous ADAR and a guide-

RNA (Vogel et al. 2018), or addition of just a guide-RNA to target endogenous ADARs to the 

editing sites (Merkle et al. 2019; Qu et al. 2019). Utilizing endogenous ADAR further decreases 

potential side effects, as the only foreign addition to cells is the guide-RNA, but this method has 

the downside of only being able to improve targeting efficiency through changes to the guide-

RNA. Both Merkle et al. and Qu et al. use the A:C mismatch at the targeted site (Källman et al. 

2003) to improve efficiency, but Qu et al. only use guides that form duplexes with the target 

sequence. 
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This strategy depends on the A:C mismatch for improved efficiency and decreases off-target 

effects by use of U:A mismatches next to other adenosines in the sequence, which decreases editing 

of those sites. Merkle et al. uses a more complicated guide-RNA, with a single-stranded sequence 

that binds to the target site, followed by a double-stranded segment that mimics the GLURB R/G 

substrate, in an attempt to increase dsRBD binding of the target. Unfortunately, both groups only 

investigate UAG editing sites, which are known to be easily targeted by ADAR proteins. How 

these systems would fare against adenosines in difficult-to-edit sequences, such as GAN or CAU, 

remains to be seen. 

The second method of SDRE currently being pursued is the use of guide-RNAs in combination 

with exogenous ADAR proteins (Vogel et al. 2018). This method has the advantage of being able 

to modify both the RNA and ADAR to improve editing of the targeted sites. Vogel et al. utilized 

simple guide-RNAs similar to Qu et al., which form perfect duplexes with the targeted strand, 

except for a A:C mismatch at the editing site. The exogenous proteins used were the ADAR1 and 

ADAR2 deaminase domains, conjugated to the guide-RNA by SNAP tags. This group also utilized 

the E488Q mutation to increase editing by both proteins (Kuttan & Bass, 2012; Phelps et al. 2015). 

Vogel et al. observed that while the deaminase mutants increased editing at all sites tested relative 

to the wildtype proteins – with 60-80% editing achieved for adenosines with a 5’A or 5’U, the 

editing efficiency at adenosines with a 5’G neighbor still had <20% editing. Further understanding 

of the targeting by ADAR deaminases is required to be able to efficiently edit these sites. The use 

of targets of RNA-binding proteins identified by editing (TRIBE) has the additional freedom of 

engineering both the ADAR deaminase specificity and the RNA-binding specificity (McMahon et 

al. 2016; Xu et al. 2018), as this method utilizes fusions of ADAR catalytic domains to RNA-

binding domains of other proteins. 
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Statement of purpose 

The selection of editing targets by ADAR proteins depends on both the sequence and structure of 

the RNA substrate. Identification of editing sites in transcriptomes, to generate an editome, can be 

used to identify RNA structures that are favored by ADAR proteins. ADAR specificity for 

substrate sequences are more difficult to define in this manner. The 5’ and 3’ neighbors of the 

targeted adenosine have been shown to strongly restrict which adenosines are edited, with 5’G 

preventing most editing, and 3’A/U being much less common than 3’G. However, charactering 

the neighbor specificity can be skewed depending on how editing sites are identified. 

Characterising 5’ and 3’ neighbor preferences using transcriptome data has the tendency to be 

skewed, as the editome does not contain information about the editing efficiency at each site or 

abundance of the transcripts. The abundance of each adenosine-containing triplet across the whole 

transcriptome is also not taken into account. For example, AAA and GAG are highly prevalent in 

the transcriptome: could editing of these sites be amplified due to the sheer number of sites 

available. 

Work by Wang et al. (2018) to identify RNA structures favored by ADAR1 and ADAR2 

introduced these proteins in S. cerevisiae and succeeded in identifying RNA structures that each 

protein favored (fig1.6). However, when they plotted the 5’ and 3’ neighbor frequencies almost all 

editing events occurred at the UAG triplet, which is indicative of the high prevalence of UAG in 

the yeast transcriptome, and not necessarily indicative of the editing substrate specificity of 

ADAR1 or ADAR2. 

Current developments in SDRE also provide impetus to identify the specific catalytic activity of 

ADAR proteins, as site-directed editing of specific sites in the transcriptome would require an 
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ADAR that can efficiently edit that site. Targeting endogenous ADARs to these sites requires those 

proteins to be able to edit, and difficult-to-edit sites such as 5’C/G sites cannot be efficiently edited 

with endogenous proteins. To be able to target these sites for SDRE, engineered ADARs with 

improved editing efficiency for these sites are required. However, this requires knowing the 

specific editing preferences of each ADAR protein, as well as the editing specificity of the 

deaminase domains. The specific editing preferences of each ADAR can be characterized in vitro, 

to be able to determine the 5’ and 3’ neighbor specificity of each proteins in the absence of 

complicating factors, such as complex RNA structures or transcripts of different abundance. 

In this thesis, an in vitro editing assay was developed using an RNA substrate with a single instance 

of each adenosine-containing triplet, so that the relative editing of each site could be directly 

compared. The specificity for each triplet was characterized for deaminase domains of both 

ADAR1 and ADAR2, as well as for the full-length ADAR1-p150, ADAR1-p110 and ADAR2, to 

identify any changes in substrate specificity due to the dsRBDs. 

The in vitro assay was also used to probe and characterize the editing specificity of the ADAR3 

deaminase mutant A389V, to identify the cause of ADAR3 inactivity and determine which 

residues are important for substrate selectivity by comparing the activity of the ADAR3 mutant 

with the ADAR1 and ADAR2 deaminases.  

A pilot experiment to develop the editing assay for more complex substrates was then performed, 

measuring low levels of editing activity by the purified ADAR constructs against substrates HEK 

293T total RNA and the dsRNA reovirus T1L genome. Improvements in assay conditions are 

required to generate enough editing sites to compare editing frequencies to the 50bp in vitro 

substrate, and to characterize the role of dsRBDs on substrates with increased length and 

complexity. 
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Chapter II – Expression and purification of ADAR proteins 

To characterize the editing specificity of the ADAR deaminase domains, and to compare to the 

specificity of the full-length proteins, the deaminase-only and full-length constructs needed to be 

expressed and purified. To make these comparisons, the full-length human ADAR1 isoforms 

ADAR1-p150 (Accession no. P55265-1) and ADAR1-p110 (Accession no. P55265-5), and the 

full-length human ADAR2 protein (Accession no. P78563) needed to be generated, as did the 

ADAR1-deaminase (ADAR1-D) and ADAR2-deaminase (ADAR2-D). For analysis of the 

inactivity of human ADAR3 (Accession no. Q9NS39), the ADAR3-deaminase domain (ADAR3-

D) also needed to be generated, as did the ADAR3-deaminase point mutant A389V (ADAR3-D 

A389V). 

Choice of expression system 

After initial isolation from cellular extracts (Bass & Weintraub 1987; Polson & Bass 1994), 

attempts to express ADAR1 from Escherichia coli failed, with the isolated protein found to be 

insoluble (unpublished observations). ADAR proteins have since been successfully expressed 

from insect cells (Cho et al. 2003), yeast (Macbeth et al. 2004), and mammalian cells (Koeris et 

al. 2005). The insolubility in bacteria is likely due to the presence of IP6 in the deaminase core 

(Macbeth et al. 2005), a molecule that is present in eukaryotes but not in bacteria. For this project 

the Spodoptera frugiperda (Sf9) insect cell expression system was chosen, utilizing the Bac-to-

Bac Baculovirus Expression System (Invitrogen) to generate baculoviruses for expression of each 

ADAR construct (Luckow et al, 1993).  
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Choice of protein tags 

All constructs were generated with an N-terminal SUMOstar, a mutated form of the Smt3 tag. The 

mutations render the tag uncleavable by the naturally occurring Ulp1 protease in Sf9, only allowing 

specific cleavage by the mutated Ulp1-sgs protease (Peroutka et al. 2008). 

Cleavage of SUMOstar by Ulp1-sgs occurs after the C-terminal Gly-Gly motif of the SUMO, 

leaving the native N-terminal of the expressed protein intact. The presence of SUMOstar also 

assists in improved protein folding, and cleavage of the Gly-Gly motif is dependent on the tertiary 

structure of the protein not the sequence, and therefore observation of tag cleavage is a good 

indicator that the expressed protein is well folded. 

Tags for purification were inserted N-terminal to the SUMOstar, with several different tags tested 

to see which produced the best level of protein expression for each construct. Tags tested were: 

8His-SUMOstar, 8His-3xFLAG-SUMOstar and 8His-Strep-SUMOstar. All constructs were 

purified by binding of the 8His tag to nickel nitrilotriacetic acid (Ni-NTA) resin, with elution in 

high imidazole buffer. 

Cloning of ADAR constructs 

All constructs were cloned into the SpeI/NotI site of the pFASTBAC vector, immediately 

following the SUMOstar cleavage site. When expressed, following SUMOstar cleavage, the N-

terminal of each protein will have a Thr-Ser before the ADAR sequence due to the presence of the 

SpeI site. Full-length ADAR1-p150 (aa. 1-1226) and ADAR2 (aa. 1-701) ORFs were inserted into 

a pFASTBAC vector containing an upstream 8His-Strep-SUMOstar tag. The shorter ADAR1-

p110 isoform (aa. 296-1226) was subcloned from the ADAR1-p150 sequence and inserted into a 

pFASTBAC vector containing an upstream 8His-SUMO tag. The ADAR1-D (aa. 832-1226), 
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ADAR2-D (aa. 299-701) and ADAR3-D (aa. 355-739) were cloned into the pFASTBAC vector 

containing an upstream 8His-3xFLAG-SUMOstar tag. The ADAR3-D point-mutant A389V was 

generated by site-directed mutagenesis, replacing the alanine GCG with valine GTG. A schematic 

of all constructs is shown in figure 2.1. 

 

 

Figure 2.1. Schematic of ADAR constructs. Full-length ADAR1-p150 and ADAR2 were cloned 

with an N-terminal 8His-Strep-SUMOstar tag. The shorter isoform ADAR1-p110 was cloned with 

an N-terminal 8His-SUMOstar tag, and the four deaminase-only constructs – ADAR1-deaminase 

(ADAR1-D), ADAR2-deaminase (ADAR2-D), ADAR3-deaminase (ADAR3-D) and ADAR3-

deaminase point mutant A389V (ADAR3-D A389V) were cloned with an N-terminal 8His-

3xFLAG-SUMOstar tag. 
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Determination of deaminase construct boundaries 

The ADAR2-D construct was generated with the same domain boundaries, aa. 299-701, as that 

used by Macbeth et al. (2005) to generate the crystal structure of the domain. Domain boundaries 

of the ADAR1-D construct, aa. 832-1226, were determined by limited proteolysis. Following 

generation of a longer construct of residues 809-1226 and treatment with trypsin, the new N-

terminal was identified using MALDI-TOF Mass Spectrometry, in collaboration with Dominic 

Olinares of the Chait Lab.  The N-terminal of the ADAR3-D construct was determined by sequence 

alignment to the ADAR1 sequence, with residue T355 aligning to the ADAR1 T832, and the final 

construct having aa. 355-739. 

Generation of baculovirus for expression in Sf9 

Once constructs were cloned into pFASTBAC plasmids, the Bac-to-Bac Baculovirus Expression 

System was used to transpose each expression cassette from the plasmid onto a bacmid (Luckow 

et al. 1993). Bacmid DNA was then transfected into adherent Sf9 cultures (Thermo Fisher) using 

Insect GeneJuice (Novagen), and the p1 baculovirus was collected from the supernatant at 6 days 

post-transfection. Each baculovirus was then amplified by infecting 2x108 Sf9 cells in suspension 

culture at an MOI of 0.01, collecting the p2 baculovirus from the supernatant at 4 days post-

infection. 

Expressing ADAR constructs from Sf9 

Sf9 were grown in suspension culture to reach a density of 5x106 cells/ml in 600ml, and then 

infected by addition of 12ml p2 baculovirus harboring an ADAR construct, at an estimated MOI 

of ~2. Following incubation for 48 hours at 27°C, with shaking at 120rpm, cell pellets were 

harvested using a refrigerated centrifuge, spinning at 600g for 15 min. Once supernatant was 
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discarded, cell pellets were resuspended in 15ml phosphate storage buffer (20% sucrose, 1.5x 

Phosphate-Buffered Saline (PBS) pH 7.2) and snap-frozen in LN2 before storage at -80°C. 

Purification of ADAR constructs from Sf9 

Initial purification conditions were adapted from Macbeth and Bass (2007), with alterations to 

improve protein solubility and stability. PBS was added to the cell pellet storage buffer, and 

glycerol and Na/K PO4 pH 8.2 were added to purification buffers to increase the fraction of soluble 

protein. When ADAR constructs were purified in the presence of reducing agent 2-

mercaptoethanol (β-ME), loss of editing activity was observed over a period of 3-4 days. In 

collaboration with Dominic Olinares (Chait Lab), Native Electrospray Ionization mass 

spectrometry identified that β-ME was forming covalent adducts on the protein, most likely with 

the unpaired cysteines in the active site. Due to this, alternate reducing agents were used during 

purification, with tris (2-carboxyethyl) phosphine (TCEP) added for initial steps up to incubation 

with Ni-NTA resin, and dithiothreitol (DTT) added for all post Ni-NTA steps. The stability issue 

was not completely solved, with protein activity extended from ~4 days to 1 month. Due to this, 

all protein assays were performed within 4-5 days of purification. 

Cell lysis and clarification 

All ADAR constructs underwent the same initial lysis protocol through to incubation with Ni-

NTA resin, at which point the conditions for deaminase constructs and full-length constructs split 

due to different Ni-NTA wash conditions. All steps were carried out on ice, or at 4°C. For each 

construct, a cell pellet generated from 600ml Sf9 was thawed and diluted into 80ml lysis buffer: 

500mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 5% glycerol, 0.5% IGEPAL 

(Nonidet P-40), 1mM PMSF, 2μg/ml DNase I, 2μg/ml RNase A, 15mM imidazole, 1mM TCEP. 
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Cell disruption and shearing of DNA was achieved through sonication, with 6x15sec pulses 

separated by 5min on ice. The insoluble material was then separated out by centrifugation at 

19000rpm (29600g) for 60min in a refrigerated centrifuge. The supernatant was mixed with 3ml 

washed Ni-NTA slurry (50% resin), and incubated on a nutator for 1hr at 4°C. The supernatant-

resin mixture was then loaded onto a column, allowing any unbound material to flow through by 

gravity, and then washed with 25ml high-salt wash buffer: 500mM NaCl, 10mM Tris-HCl pH8.5, 

20mM Na/K PO4 pH8.2, 10% glycerol, 20mM imidazole, 1mM TCEP. At this point, the 

conditions for purification of deaminase constructs and full-length constructs separated. 

Purification of ADAR deaminase constructs 

For deaminase constructs ADAR1-D, ADAR2-D, ADAR3-D, and ADAR3-D A389V, following 

the high-salt wash of the Ni-NTA column an additional wash was performed with 25ml low-salt 

wash buffer:  after washing the Ni-NTA with high-salt buffer, an additional wash with 25ml low-

salt buffer was done: 100mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 10% 

glycerol, 20mM imidazole, 1mM TCEP. Bound protein was then eluted from the Ni-NTA resin in 

10ml low-salt, high-imidazole elution buffer: 100mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K 

PO4 pH8.2, 10% glycerol, 250mM imidazole, 1mM TCEP. The 10ml elution was then loaded 

directly onto a HiTrap Q Fast protein liquid chromatography (FPLC) column, eluting over a NaCl 

gradient of 0.1 – 1.5M (0 – 50%) in 8 column volumes (CV), collecting 2ml fractions at a rate of 

0.4 ml/min. The column buffers used were composed of NaCl, 10mM Tris-HCl pH8.5, 20mM 

Na/K PO4 pH8.2, 10% glycerol, 2mM DTT. Each deaminase construct eluted in fractions 13-16, 

which can be seen in the traces on the left-hand side of figure 2.2 (for ADAR1-D and ADAR2-D) 

and figure 2.3 (for ADAR3-D and ADAR3-D A389V). Fractions 13-16 were pooled, and 100μg 

Ulp1-sgs protease was added to cleave the tag, incubating >16hr at 4°C. 
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Figure 2.2. Purification details for ADAR1-D (a) and ADAR2-D (b). Each protein was isolated 

from Sf9 cell lysates by Ni-NTA binding of the His-tag, with sample eluted from the Ni-NTA 

column shown at the Q input lane in the HiTrap Q protein gels, visualized using Coomassie 

staining. The UV absorbance trace [measuring mAU at 280nM] is shown for the HiTrap Q columns 

at left and the Superdex200 10/300 columns at right. Tagged samples, with size ~65kDa, eluted 

from the HiTrap Q column in fractions 13-16. In the Superdex 200 gels shown at right, the tag was 

cleaved – visible as a drop in size from the Q output lane to cleavage lane at ~45kDa – with sample 

eluting from the Superdex column in fractions 21/22-26. 

 



 

38 
 

 

Figure 2.3. Purification details for ADAR3-D (a) and ADAR3-D A389V (b). Each protein was 

isolated from Sf9 cell lysates by Ni-NTA binding of the His-tag, with sample eluted from the Ni-

NTA column shown at the Q input lane in the HiTrap Q protein gels, visualized using Coomassie 

staining. The UV absorbance trace [measuring mAU at 280nM] is shown for the HiTrap Q columns 

at left and the Superdex200 10/300 columns at right. Tagged samples, with size ~65kDa, eluted 

from the HiTrap Q column in fractions 13-16. In the Superdex 200 gels shown at right, the tag was 

cleaved – visible as a drop in size from the Q output lane to cleavage lane at ~45kDa – with sample 

eluting from the Superdex column in fractions 21-26. 
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After tag cleavage, 5mM imidazole was added to the sample before flowing it through 1ml washed 

Ni-NTA resin. The flow-through was collected and the cleaved tag should have remained bound 

to the resin. The sample was then concentrated to <1ml using a 30kDa MWCO spin filter (Amicon) 

and loaded onto a Superdex 200 10/300 FPLC column, in buffer 300mM NaCl, 10mM Tris-HCl 

pH8.5, 20mM Na/K PO4 pH8.2, 10% glycerol, 2mM DTT. The sample was eluted over 1 CV 

(24ml), collecting 0.4ml fractions at a rate of 0.22 ml/min. All four deaminase constructs eluted 

with similar profiles, centered around fraction 23, as shown in the traces on the right-hand side of 

figure 2.2 (for ADAR1-D and ADAR2-D) and figure 2.3 (for ADAR3-D and ADAR3-D A389V. 

Fractions 22-26 were pooled for ADAR1-D, 21-25 for ADAR2-D, 21-26 for ADAR3-D, and 21-

26 for ADAR3-D A389V. Each protein was concentrated to ~30μl using a 30kDa MWCO spin 

filter, in buffer 300mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 5% glycerol, and 

5mM DTT. Final protein concentration was measured by Qubit, with values shown in table 2.1. 

Proteins were then snap-frozen in LN2 and stored at -80°C. 

 

Table 2.1. Purification details of ADAR1, ADAR2 and ADAR3 deaminase constructs, with 

expected protein sizes, fractions collected from HiTrap Q (“Q”) and Superdex 200 10/300 (“Sdx”) 

FPLC columns, and final sample concentration. 

Construct 
Size 
[kDa] 

Q 
fractions 

Sdx 
fractions 

Concentration 
[mg/ml] 

Concentration 
[μM] 

ADAR1-D 45 13 – 16 22 – 26 2.50 55.47 

ADAR2-D 45 13 – 16 21 – 25 1.28 28.37 

ADAR3-D 43 13 – 16 21 – 26 2.38 55.42 

ADAR3-D A389V 43 13 – 16 21 – 26 1.45 33.75 
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Purification of full-length ADAR constructs  

For full-length constructs ADAR1-p150, ADAR1-p110, and ADAR2, following the high-salt 

wash of the Ni-NTA column a more stringent wash was performed with 25ml high-salt, mid-

imidazole wash buffer: 500mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 10% 

glycerol, 100mM imidazole, 1mM TCEP. Bound protein was then eluted from the Ni-NTA resin 

in 10ml high-salt, high-imidazole elution buffer: 500mM NaCl, 10mM Tris-HCl pH8.5, 20mM 

Na/K PO4 pH8.2, 10% glycerol, 250mM imidazole, 1mM TCEP. 100μg Ulp1-sgs protease was 

added to the eluted sample to cleave the tag, incubating >16hr at 4°C. 

After tag cleavage, the sample was run through 1ml washed Ni-NTA resin. The flow-through was 

collected and the cleaved tag should have remained bound to the resin. The sample was then 

concentrated to <1ml using a 30kDa MWCO spin filter and loaded onto a Superdex 200 10/300 

FPLC column, in buffer 300mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 10% 

glycerol, 2mM DTT. The sample was eluted over 1 CV (24ml), collecting 0.4ml fractions at a rate 

of 0.22 ml/min. The three full-length ADAR proteins eluted from the size exclusion column with 

different profiles, which can be seen in the traces in figure 2.4. For ADAR1-p150 fractions 7-10 

were pooled, for ADAR1-p110 fractions 10-15 were pooled, and for ADAR2 fractions 13-18 were 

pooled. Each protein was concentrated to ~30μl using a 30kDa MWCO spin filter, in buffer 

300mM NaCl, 10mM Tris-HCl pH8.5, 20mM Na/K PO4 pH8.2, 5% glycerol, and 5mM DTT. 

Final protein concentration was measured by Qubit, with values shown in table 2.2. Proteins were 

then snap-frozen in LN2 and stored at -80°C. 
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pg. 42 

Figure 2.4. Purification details for ADAR1-p150 (a), ADAR1-p110 (b), and ADAR2 (c). Each 

protein was isolated from Sf9 cell lysates by Ni-NTA binding of the His-tag, with sample eluted 

from the Ni-NTA column shown in the Elution lane on the protein gel, visualized by Coomassie 

staining. The tag is cleaved, visible as a drop in size for each protein, to ~150kDa for ADAR1-

p150, ~110kDa for ADAR1-p110, and ~75kDa for ADAR2. The cleaved sample was loaded onto 

a Superdex 200 10/300 size exclusion column, with UV absorbance trace [measuring mAU at 

280nM] shown below the protein gels. ADAR1-p150 eluted from the column in fractions 7-10, 

ADAR1-p110 eluted in fractions 10-15, and ADAR2 eluted in fractions 13-18. The ADAR1-p150 

(a) band was very faint, and the inset at the top-right corner zooms in on fractions 7-11, with the 

black arrow pointing at the ~150kDa band. 
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Table 2.2. Purification details of full-length ADAR1-p150, ADAR1-p110, ADAR2 proteins, with 

expected protein sizes, fractions collected from Superdex 200 10/300 (“Sdx”) FPLC columns, and 

final sample concentration. 

Construct Size [kDa] Sdx fractions 
Concentration 
[mg/ml] 

Concentration 
[μM] 

ADAR1-p150 133 7 – 10 0.63 4.77 

ADAR1-p110 103 10 – 15 1.03 10.04 

ADAR2 77 13 – 18 0.71 9.24 

 

Protein yield, purity and stability 

For each ADAR construct, the total yield of protein from a 600ml Sf9 culture was calculated in 

[μg], from the measured concentration and sample volume, with values shown in table 2.3. Protein 

yield was low, but as the in vitro editing assay only required 2pmol of protein for each condition, 

this was enough protein for analysis purposes. 

Table 2.3. Yield of each ADAR construct from a 600ml Sf9 culture, and measured purity of each 

sample after purification. 

Construct 
Concentration 
[mg/ml] 

Sample 
volume [μl] 

Yield  
[μg / 600ml Sf9] 

Sample purity 
[%] 

ADAR1-p150 0.63 25 15.75 50 

ADAR1-p110 1.03 30 30.9 89 

ADAR2 0.71 40 28.4 76 

ADAR1-D 2.50 55 137.5 >98 

ADAR2-D 1.28 45 57.6 93 

ADAR3-D 2.38 40 95.2 93 

ADAR3-D A389V 1.45 40 58 >98 
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Also shown in table 2.3 is the estimated purity of each construct. Purity was determined by 

measuring the relative intensity of protein bands on the Coomassie gels shown for each construct 

in figure 2.2, 2.3, and 2.4, using ImageJ2 (Rueden et al. 2017). The deaminase constructs were 

highly pure, with ADAR1-deaminase and ADAR3-deaminase A389V having no other visible 

bands on the gel, assuming purity of >98%. The ADAR2-deaminase and ADAR3-deaminase did 

have a second visible band, at ~35kDa, and were found to have purity in the range of 93%. 

The full-length proteins were not generated to high purity, with the ADAR1-p110 and ADAR2 

estimated to be 89% and 76% pure respectively, while the ADAR1-p150, with the lowest level of 

expression, was only purified to 50%. 

When measuring editing activity of ADAR constructs, it was observed that the overall level of 

editing decreased over time, indicating the proteins were possibly losing stability. Attempts to 

improve protein stability by exchanging reducing agents improved longevity from 4-5 days (with 

β-ME) to 1 month (with DTT). After 1 month, proteins generated with DTT began to lose activity 

as well, with 3-month-old proteins having ~50% of the editing activity of new proteins. As the 

stability issue was not solved, all editing assays were carried out within 4-5 days of purification. 

Following purification of full-length and deaminase-only ADAR constructs, the editing activity 

needed to be measured for each, and the specificity for different RNA sequences determined. To 

this end, a method using high throughput sequencing to characterize in vitro editing activity was 

developed, as detailed in Chapter III. 
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Chapter III – Development of an in vitro RNA editing assay 

To characterize the editing specificity of each ADAR isoform and deaminase domain, a high 

throughput sequencing based method was developed to be able to measure the percentage of 

editing for each A site in a perfectly double-stranded RNA substrate, that contains one adenosine 

for each combination of 5’ and 3’ neighbor. 

The method, adapted from Koeris et al. (2005) involves incubating ADAR protein and dsRNA in 

vitro, with no other factors involved. After this, the RNA was isolated and RNAseq libraries 

generated with Illumina P5/P7 adapters, so that thousands of sequences for each condition could 

be sequenced. Sample conditions were chosen so that a majority of RNA molecules only had a 

single edit, so to remove complications due to multiple edits occurring on a single substrate. 

Counting the number of editing events for each of the 16 adenosines, the editing specificity of each 

ADAR construct could then be characterized. 

RNA substrate design 

There are sixteen different combinations of an RNA triplet with adenosine at the second position. 

With four possible 5’ neighbors and four possible 3’ neighbors, those triplets are NAN: 

(A/U/C/G)A(A/U/C/G). ADAR proteins have been shown to have selective 5’ and 3’ neighbor 

preferences, and so to characterize the editing efficiency against each of the different triplet 

combinations in vitro, a synthetic dsRNA was designed with all possible sites represented. 

The 50bp dsRNA was based on the substrate used by Koeris et al. (2005), with bases 1 – 10 and 

41 – 50 remaining constant, to be used for reverse transcription (RT) and PCR amplification, as 

well as sequence alignment. The central region of bases 11-40 was altered from the previously 

published substrate, with the sequence replaced by one with 16 adenosines, each with one of the 
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combinations of 5’ and 3’ neighbor. In triplets where the 5’ or 3’ neighbor is an A, the triplets are 

overlapping, such as CAAAC that contains triplets CAA, AAA, and AAC. Figure 3.1 shows the 

substrate used, with the adenosines highlighted in red. 

Koeris et al. (2005) found that a (CG)6 repeat at the 5’ end facilitated increased editing by ADAR1-

p150, compared to a dsRNA sequence with (CCGG)3, implying that the (CG)6 may be forming a 

left-handed RNA structure that acts as a binding site for the ADAR1-p150 Zα domain. The 5’ 

constant end of the newly designed substrate has a shorter (CG)4 repeat that can also form a left-

handed structure (Schwartz et al. 1999). Koeris et al. based their RNA substrate off of a previously 

published dsRNA substrate used by Polson and Bass (1994), which was designed so that the 

majority of purines were along one strand to decrease formation of intramolecular structures during 

synthesis, such as cross-strand stacking. The only component of this original substrate that remains 

is the 10bp at the 3’ end, and the substrate no longer has one purine-rich strand and one pyrimidine-

rich strand. Indeed, the new substrate has many sites that can form cross-strand stacking 

interactions between the two RNA strands, especially in the segment of the sequence with purine-

pyrimidine repeats, AUAUACAC.  A 50bp dsRNA can potentially facilitate interactions with both 

the deaminase and a dsRBD, with footprints of ~20bp and ~16bp respectively. It is unknown if 

more than one dsRBD could be bound to a substrate of this length. 

5′  CGCGCGCGGGACAGAAUCAAACAUAAGAUAUACACUAGAGGACAGGGACC  3′ 

3′  GCGCGCGCCCUGUCUUAGUUUGUAUUCUAUAUGUGAUCUCCUGUCCCUGG  5′ 

Figure 3.1. 50bp dsRNA substrate for characterization of ADAR editing. The central 30bp, in 

bold, contains adenosines, each with a different combination of 5’ and 3’ neighbor. Only the strand 

containing the highlighted adenosines – designated the positive-sense strand – was reverse 

transcribed and sequenced. 
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Preparation of RNA and protein samples 

The dsRNA substrate and all primers for reverse transcription and PCR were purchased from IDT. 

The 50bp synthetic dsRNA substrate purchased as a duplex, having been annealed at 94°C for 

2min before cooling and isolating duplex RNA by HPLC chromatography. The dsRNA was 

resuspended in nuclease-free H2O, then diluted to 0.1μM in 50mM NaCl, 10mM Tris-HCl pH7.5. 

Each ADAR protein was diluted to 0.1μM in 100mM NaCl, 10mM Tris-HCl pH8.5, 15% glycerol, 

0.2mM EDTA, 5mM DTT. 2μl of dsRNA was mixed with 2μl protein to make final 1:1 ratio at 

0.05μM. Samples were incubated for 1hr at 37°C in a thermocycler with the lid set to 100°C. After 

incubation, the RNA was isolated from the protein by phenol: chloroform extraction and ethanol 

precipitation, with each sample then resuspended in 10μl nuclease-free H2O. In parallel to the 

samples generated, the ADAR1-deaminase was also incubated with ssRNA and sequenced to 

identify if any editing was apparent with this substrate, and no significant editing was measured. 

Sample Replicates 

For each purified ADAR construct, three samples were generated, one on each of three different 

days. On each day, protein and RNA were incubated, RNA was isolated, and libraries were 

prepared, with each protein condition represented by n=1 on each day. Each pool of samples was 

also sequenced on a different run, with the results shown in chapter IV compiled from three 

sequencing runs, each containing n=1 for each sample, to make a final n=3 for each condition. 

Generation of sequencing libraries 

The positive-sense strand of each RNA sample was reverse-transcribed to generate cDNA using 

the SuperScript III (Invitrogen) protocol, using custom primers [2pmol] that attached a partial 

Illumina p5 sequence, 5 degenerate bases (5N) to identify individual RT events, and a 4bp barcode 
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(designated xxxx) to identify each sample: GAGATCTACACTCTTTCCCTACACGACGCTCTT 

CCGATCTNNNNNxxxxGGTCCCTGTCC. After reverse transcription, PCR was used to attach 

the full Illumina p7 and p5 adapters to the 5’ and 3’ ends of the sample, using forward primer p7 

(CAAGCAGAAGACGGCATACGAGATCGCGCGCG) and reverse primer p5 (AATGATACGG 

CGACCACCGAGATCTACACTCTTTCCCTACACGACG). To generate libraries, 10ul of cDNA 

was mixed with 1x ThermoPol Reaction Buffer (NEB), 10mM dNTPs (Invitrogen), 10μM each 

primer, and 2U Deep Vent DNA polymerase (NEB). A two-step PCR was performed, with initial 

denaturation (95°C for 1min) followed by 30 cycles of amplification (95°C for 20s, 72°C for 20s) 

and a final elongation step at 72°C for 5min. Each sample was run on 1.5% Agarose for 40min at 

110V, then gel purified to 30μl using QG buffer (Qiagen) and MinElute spin columns (Qiagen). 

Sample quality was measured by TapeStation, and concentration was measured by TapeStation or 

Qubit Fluorometric Quantification. 

Preparation of libraries for sequencing 

Libraries were pooled at equimolar amounts to generate a sample with final concentration of 

10nM. The pool was then diluted to 2nM and denatured using 0.1N NaOH. The denatured sample 

was further diluted to 5pM, with PhiX control (Illumina) added to final concentration 5%. 600μl 

of this sample was then loaded onto a MiSeq cartridge, using MiSeq Reagent Kit v2 (Illumina). 

MiSeq runs generated FASTQ files of 75bp single-end reads sequenced in the p5 to p7 direction. 

Sequencing analysis pipeline 

All analyses were completed using the public Galaxy web platform at usegalaxy.org (Afgan et al. 

2018), with a workflow schematic shown in figure 3.2. 
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Figure 3.2. Sequencing analysis pipeline to align sequences and count number of A-to-G editing 

events. Analysis outputs both the total number of editing events at each position, and the number 

of reads with only a single edit. An example sequence is shown at right, with red highlighting the 

portion of the sequence being manipulated at each stage of the pipeline. 
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Raw FASTQ files were collapsed to remove identical sequences, leaving only one instance of each 

RT event, before trimming the 5N degenerate bases. A Barcode Splitter parsed the sequences into 

individual files for each barcode. Each sample was reverse complemented, aligned and trimmed 

to the CGCGCGCGGG sequence at the 5’ end. At this point, each sample file had a collection of 

sequences, all of length 54bp (the 50bp original sequence plus a 4bp barcode now at the 5’ end) 

with the first 10bp invariant. Two different workflows were then used to analyze this data. 

Measuring total editing  

First, the total amount of editing in the substrate was analysed. Using all sequences, a Sequence 

Logo plot (text format) was generated, with the number of times each nucleotide (A/C/G/T) was 

counted at each position. An example of a Sequence Logo plot is shown in table 3.1. The total 

editing at each adenosine position could then be calculated by counting the number of Gs at that 

position and dividing by the total number of reads. The overall editing percentage was calculated 

as the number of Gs counted at all 16 adenosine positions divided by the total number of A sites, 

that is: 16 times the number of reads. Values stated in figures are the average of n=3 replicates, 

with standard deviation. Significance between samples was calculated by the unpaired Student’s 

t-test with two-tailed distribution, assuming unequal variance. 

To compare the relative level of editing at each adenosine, the relative frequency of editing at each 

position was calculated. This was performed by counting the total number of observed editing 

events (total number of Gs across all A positions), and then dividing the number of Gs at each site 

by this value. Frequency was calculated for each replicate before combining to calculate the 

average, standard deviation, and significance. From the calculated relative frequencies, 

observations of which adenosine sites were more frequently edited could be made. 
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Table 3.1. Example of Sequence Logo output, for ADAR1-D (sample 20191012-11). Table shows 

positions 18-31 of the substrate, which corresponds to the bolded section of: CGCGCGCGGGAC 

AGAAUCAAACAUAAGAUAUACACUAGAGGACAGGGACC. Adenosine positions are red, 

both in the sequence and the table. It can be observed that there is a high number of Gs counted at 

most of the A sites. 

 

Isolating sequences with single-editing events 

After incubation with an ADAR protein, the pool of RNA is likely to contain a mix of substrates 

with only a single edit and substrates with more than one site edited. To analyze the frequency of 

editing at each adenosine without the added complication of having multiple editing events per 

substrate, the second analysis workflow was developed to only isolate and count substrates with a 

single edited adenosine. A Barcode Splitter was used to separate out sequences with a single A-

to-G change, using barcodes for each of the 16 adenosine sites. The output file is a text file with 

the 16 different adenosine positions, and the number of sequences counted for each one. The 

sample incubation conditions of 0.05μM RNA and 0.05μM protein were chosen, as decreasing the 

protein concentration increased single-editing events as a fraction of all substrate. The 

concentration was not lowered below this value as the total number of editing events continued to 
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decrease. At these low protein and RNA concentrations, the editing reaction was sub-saturating 

when incubated for 1 hour at 37°C. Except for initial calculations of total editing frequency for 

each sample, the single-editing counts were used for all analysis. 

A comparison of ADAR1-p150 samples generated from two different protein preparations 

(20170808 and 20181009) was used as a quick test of the reproducibility of the assay. Figure 3.3 

shows the total editing measured for ADAR1-p150 from those two different preparations, as well 

as comparing two different samples both generated at different times after purification from the 

20181009 preparation. In figure 3.3a it can be seen that the 20170808 sample has the same level 

of editing activity as one of the 20181009 samples (no. 46) while the other 20181009 sample (no. 

17) has a higher level of overall activity, due to being tested shortly after purification while sample 

46 was generated ~1 month later, evidence of the loss of activity over time. Figure 3.3b shows 

that for both protein preparations of ADAR1-p150 the relative frequency of each triplet remains 

relatively constant, independent of total editing levels. 

 

Figure 3.3. Total editing percentage at each triplet in the 50bp dsRNA substrate (a) and relative 

frequency of each triplet (b) for ADAR1-p150 samples generated from 20170808 protein stock 

(20170808-7) and 20181009 stock (20181009-17 and -46). For each ADAR construct tested, the 

sum of the frequencies across all 16 triplets will add to one. 
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Additional methods 

Homology models of ADAR1 and ADAR3 deaminases 

For comparisons between the ADAR1, ADAR2 and ADAR3 deaminases, homology models of 

the ADAR1 and ADAR3 deaminases were generated to compare to the ADAR2 crystal structure, 

for additional insight into differences found in deaminase activities. Models were generated using 

SWISS-MODEL (Waterhouse et al. 2018) in Alignment Mode, inputting the ADAR1 and ADAR3 

deaminase sequences (shown in figure 1.5) and aligning to the ADAR2 crystal structure PDB 

5ED2. Each deaminase model was then superimposed over the ADAR2-D crystal structure and 

aligned to active site residues V351, T375, K376, H394, E396, C451, and C516, so to align the 

active site of each to the RNA substrate also included in the crystal structure. All other residues 

were then observed for structural differences. 

 

Identification of editing sites by ADAR proteins in complex substrates 

After characterizing in vitro editing specificity of ADAR constructs against a simple 50bp dsRNA 

substrate, editing specificity of those same constructs was tested against more complex substrates. 

The substrates chosen were human HEK 293T total RNA and the reovirus T1L RNA genome 

(reoT1L). 

Total RNA, containing single- and double-stranded RNA as well as RNA with more complex 

structures, was isolated from double knockout HEK 293T ADAR1/2-/-cells, which should lack 

endogenous ADAR editing. This ADAR1/2-/- cell line was used by Chung et al. (2018) to 

characterize the 293T editome; cells were provided by Hachung Chung (formerly Rice Lab, 

currently Columbia University).  
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reoT1L packages its genome in 10 perfectly double-stranded RNA segments, which, while not a 

natural ADAR target, could potentially be a good substrate for non-specific editing (Hood et al. 

2014). Isolated reoT1L virions were provided by Danica Sutherland and Pavithra Aravamudhan 

(Dermody Lab, University of Pittsburgh).  

Isolating HEK 293T total RNA and reovirus T1L dsRNA 

For both HEK 293T and reovirus T1L, RNA was isolated by phenol: chloroform extraction, and 

the aqueous phase was then mixed 1:1 with 70% ethanol and loaded onto a PureLink RNA Mini 

Kit spin column (Invitrogen). RNA was resuspended in 30μl nuclease-free H2O. From a 293T cell 

pellet of 3x106 cells, the typical yield was ~30μg (1μg/ul, 30nM per 50bp) and for 15μl 

reovirusT1L supernatant, the typical yield was ~300ng (10ng/μl, 0.3nM per 50bp). 

Generating RNAseq libraries for 293T RNA and reovirus T1L edited by ADAR in vitro 

100ng 293T RNA or 50ng reoT1L RNA was mixed with ADAR protein at a molar ratio of 1 protein 

: 50bp RNA and incubated at 37°C for 1hr. Samples were generated in triplicate for each ADAR1-

p150, ADAR1-p110, ADAR1-deaminase, ADAR2, ADAR2-deaminase, and ADAR3-deaminase 

A389V, as well as for 293T-WT for a positive editing control, and 293T-KO and reoT1L-WT as 

negative editing controls. Libraries were prepared with the TruSeq Stranded Total RNA kit 

(Illumina), using 100ng input RNA for each 293T library, and 50ng input RNA for each reoT1L 

library. The 293T libraries were first depleted of rRNA using the NEBNext rRNA Depletion Kit 

(Human/Mouse/Rat), all other steps of the library protocol were as written. The reoT1L library 

protocol had two modifications. First, the protocol was started from the Clean Up RCP step, as no 

rRNA depletion was required. Second, the random hexamers used for reverse transcription were 

replaced with UMI-linked hexamers that contained a N6 unique molecular identifier 5’ of the 
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hexamer, to be able to identify individual RT events. This was achieved by replacing the Illumina 

FSA mix with: 250ng UMI-hexamer, 0.5mM dNTPs, 1x First Strand Buffer, 10mM DTT, 1U 

RNaseOUT, 1x Actinomycin D, 1U Superscript II. For each 293T and reoT1L, the libraries were 

pooled at an equimolar ratio and sequenced on the Illumina NovaSeq SP (300 cycles, 1 lane per 

library) with read length of 150nt in paired end configuration. 

RNA sequencing data analysis 

Analysis of 293T and reoT1L libraries was done in collaboration with Ji-Dung Luo of the 

Bioinformatics Resource Center, The Rockefeller University. FASTQ files were aligned to hg19 

reference genome (293T) or reovirus T1L genome (reoT1L) following STAR (2.7.1a) 2-pass 

mapping protocol. The aligned SAM files were converted into BAM files using Picard (2.8.1). 

The variations in each sample were identified by GATK-Mutect2 (4.0.8.0) and then annotated with 

ANNOVAR (20170717). A mismatch site was called if the total read depth at that site is greater 

than or equal to 5 and the alterative nucleotide read depth at that site is greater than or equal to 2.  

To eliminate SNPs in 293T cells, the allelic frequency of each position in 293KO cell line was 

applied to calculate threshold (mean ± SD). Only the variants whose allelic frequency larger than 

threshold were selected. 

Next, mismatches were selected that are present in any one of the groups: ADAR1-p150, ADAR1-

p110, ADAR1-deaminase, ADAR2, ADAR2-deaminase, ADAR3-Deaminase A389V, or 293T-

WT, but not in the 293T-KO or reoT1L-WT group. Finally, mismatch sites present in the dbSNP 

(snp138, hg19) database were excluded from further analysis. Finally, A-to-G and T-to-C 

reference-to-read mismatches were selected for annotation. 

 



 

56 
 

Determining triplet frequency in the 293T editome 

The relative frequency of each adenosine triplet in the 293T editome was calculated by counting 

all identified editing sites in the published editome of HEK 293T (Chung et al. 2018) and parsing 

into the number of sites counted for each adenosine triplet. These counts were generated for both 

the ADAR1-p150 specific editome and the ADAR1 (p150+p110) editome. Counts were then 

further separated into the number of editing sites in Alu elements and the number of sites in nonAlu 

sequences, to generate relative frequency for Alu and nonAlu, in the p150- and ADAR1-editomes. 

The relative frequency of all adenosine triplets in the transcriptome (hg19, cDNA and ncRNA 

annotations) were counted using an adapted seqinR code (analysis performed by Joseph Luna), to 

count the number of times each triplet appears in the transcriptome and generate a relative 

frequency for each. 

The frequency of each adenosine triplet in Alu repeats was counted in the same manner, using 

sequences compiled by Konkel et al. (2015) that characterized active human Alu elements. The 

set of active Alu elements was used rather than the full ensemble of Alu elements, as only the 

active elements are transcribed, making them potential editing substrates. 
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Chapter IV – Characterising in vitro editing activity of ADAR constructs 

For each of the ADAR constructs expressed and purified, the newly developed in vitro editing 

assay was used to measure the level of editing activity and the specificity for different adenosine-

containing triplets. First, the total editing level was measured for each of ADAR1-p150, ADAR1-

p110, ADAR1-deaminase, ADAR2, and ADAR2-deaminase, to observe the level of activity for 

each protein, and if ADAR deaminase constructs had decreased activity due to the loss of the other 

domains. Then, the editing events were separated into each of the different adenosine positions, 

showing the relative frequency of each 5’ and 3’ neighbor. The editing frequencies characterized 

for each construct were then compared, both to those previously characterized (Eggington et al. 

2011) and to each other. 

A comparison of the editing specificity of the ADAR-1 and ADAR-2 deaminases was performed 

to inform how the structure of each deaminase is involved in substrate selection. 

Each deaminase construct was then compared to its respective full-length protein, ADAR1-p110 

or ADAR2, to observe if there was additional selectivity due to the presence of dsRBDs, and how 

this differed for the two ADAR family members. 

The ADAR1 isoforms p150 and p110 were also compared to identify if the longer isoform had 

additional specificity due to the ZBD. 

The in vitro editing assay was then utilized to probe the inactivity of ADAR3, first to confirm the 

lack of editing by the wildtype ADAR3-deaminase, and then to probe the active site differences 

between ADAR2 and ADAR3 by characterizing editing of the ADAR3-deaminase mutant A389V. 
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Measuring total editing levels 

Before measuring the editing level for each triplet individually, the total editing activity was 

measured for each of ADAR1-p150, ADAR1-p110, ADAR1-deaminase, ADAR2 and ADAR2-

deaminase, with values shown in table 4.1. 

Table 4.1. Overall editing of the 50bp dsRNA substrate by each ADAR construct, following 

incubation for 1 hour with 0.05μM protein and 0.05μM dsRNA. Values are n = 3 ± SD. 

 Total editing [%] ± SD 

ADAR1-p150 11.1 3.31 

ADAR1-p110 4.0 0.22 

ADAR1-deaminase 10.2 1.39 

ADAR2 14.6 1.82 

ADAR2-deaminase 4.2 0.93 

Negative control 0.8 0.32 

 

 

The overall editing level ranged from 4 – 15 %, with the negative control having <1% editing 

across all adenosine sites in the substrate. This low level of total activity agrees with that previously 

seen by Eggington et al. (2011), as they achieved ~20% editing after 4 hours incubation of protein 

and RNA at the same ratio as that used here. ADAR2 had the highest total activity, with 14.6 ± 

1.82%, followed by similar levels of editing by the long ADAR1-p150 isoform, with 11.1 ± 3.31%, 

and the ADAR1-deaminase, with 10.2 ± 1.39%. Interestingly, the third full-length protein, 

ADAR1-p110, had much lower activity, with 4.0 ± 0.22%, and the ADAR2-deaminase had the 

lowest activity of all constructs tested, with 4.2 ± 0.93%.  
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It is interesting that the ADAR2-deaminase had much lower editing than the ADAR1-deaminase, 

considering that both proteins were isolated to similarly high purity. Similarly, the ADAR1-p110 

had the highest purity of the full-length constructs at ~80%, compared to the ~70% for ADAR2 

and ~50% for ADAR1-p150, yet the p110 protein had much lower activity. The full-length 

ADAR1-p150 protein was expected to have higher levels of editing than the ADAR1-deaminase 

construct, due to the former being a full-length functional protein and the latter being a single 

domain. The similar levels of editing seen could be due to the deaminase being isolated at a higher 

purity than the ADAR1-p150 protein and therefore having a higher actual concentration of protein 

in the editing reaction. 

Measuring total editing levels for each adenosine triplet 

After measuring the total editing for each construct, the editing events were then separated into the 

16 different adenosine triplets, to measure the level of editing for each combination. Figure 4.1 

shows the percentage of editing for each triplet, for each protein construct tested. For each triplet, 

the measured editing level was compared to that measured for the negative control, and 

significance was calculated by unpaired T-test (two-tailed distribution, assuming unequal 

variance), with table 4.2 detailing which triplets were found to have significant levels of editing 

over background. Sites without significance are colored grey in table 4.2, and a number of sites 

that had P<0.05, but the negative control had a higher level of measurement are also greyed out. 

It can be seen in figure 4.2 that all ADAR constructs follow the published trend of editing at sites 

with a 5’A or 5’U, and less editing of sites with a 5’C or 5’G sites, with the exception of CAG. 

The background level of editing at the GAG site was much higher than the other triplets, due to 

the sequencing alignment requirement that the 3’G is always fixed, but no ADAR proteins had 

significant editing of this site. 



 

60 
 

  

Figure 4.1. Total editing at each triplet in the 50bp dsRNA substrate, measuring percentage as 

number of A-to-G changes counted at each location over the total number of reads. Showing 

editing levels for ADAR1-p150, -p110, and -deaminase, and ADAR2 and ADAR2-deaminase. 

Grey bars represent background A-to-G noise in the sequencing, from samples without protein 

added. Each bar is n = 3 ± SD. 

 

ADAR2, which had the highest overall editing, could be seen to have high levels of editing across 

many sites, shown in figure 4.1, and had the most sites with significant editing (table 4.1).  

ADAR1-deaminase was found to have significant editing at all 5’A and 5’U sites, and most 5’C 

sites. ADAR1-p150 and -p110 as well as ADAR2-deaminase had fewer sites with significant 

editing. For ADAR1-p110 and ADAR2-deaminase this could possibly be due to the lower level of 

overall activity of each protein (table 4.1). ADAR1-p150 had a low number of sites with 

significant editing (table 4.2) but the overall activity measured was higher than ADAR1-p110 and 

ADAR2-deaminase (table 4.1).  
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From figure 4.1, it can be observed that the higher level of overall editing is likely due to a high 

level of editing at AAG, with ~45% editing of that site, and low editing of most other triplet sites. 

All of the proteins tested except ADAR1-p110 showed significant editing of the adenosine in the 

UAG triplet. UAG is the sequence of the amber/W site in hepatitis delta virus (HDV); editing of 

the amber/W site is required for HDV to shift from replication to packaging and complete the viral 

lifecycle (Casey et al. 2006). 

 

Table 4.2. Identification of triplets with significant levels of editing over background. Significance 

is calculated by T-test (unpaired, two-tailed, unequal variance), comparing each sample (n = 3) to 

the negative control. Non-significant sites (ns) and significant sites where the negative control was 

higher than the sample are shaded grey.  * [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001] 

 ADAR1-p150 ADAR1-p110 ADAR1-D ADAR2 ADAR2-D 
AAA ns ns * ** ns 
AAU * *** ** ** ns 
AAC ** ** ** ** * 
AAG *** *** *** ** * 
UAA * ** ** ** * 
UAU ns ** ** ** * 
UAC * ns ** ** * 
UAG ns ns *** ** *** 
CAA * * * ** ns 
CAU ns ns * * ns 
CAC ns ns ns ** ns 
CAG ns ** ** ** * 
GAA ns ns ns * * 
GAU ns ns ns * * 
GAC ns ns ns * * 
GAG ns ns ns ns ns 
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Comparing total editing frequencies to single editing frequencies 

To avoid complications due to multiple editing events on a single substrate, all reads with only a 

single editing event were isolated, and the number of reads for each triplet were counted. The 

relative frequency of each triplet was then calculated for each site, and frequencies were also 

calculated for the total editing counts from figure 4.1 as a comparison. Figure 4.2 shows the 

relative frequency of editing for each triplet site, for total (4.2a) and single (4.2b) editing events. 

Overall, the frequency of editing for each adenosine-containing triple looked similar for the total 

and single events, and all further analysis was completed using only the single event frequencies. 

 

For each 4.2a and 4.2b, if we rank the triplets from most to least frequent, the order of editing is 

similar for most of the triplets, but the UAA triplet drops in the ranking for all constructs except 

ADAR2. Most of the sites that have lower rank in the single editing frequency are those that have 

multiple As in a row – such as UAA, as well as AAA, AAG, and AAU. This implies that in the 

total editing data, there are substrates with multiple As in a row edited, and using the total editing 

data to measure the frequency of UAA, for example, would be a combination of editing actually 

occurring at the adenosine in the UAA triplet as well as editing occurring for UAI, if the 3’A was 

already edited. 
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Figure 4.2. Relative frequency of editing for each adenosine-containing triplet, for all editing 

events counted in each sample (a) and for the pool of substrate with only a single editing event (b). 

For each ADAR construct tested, the sum of the frequencies across all 16 triplets will add to one. 

n = 3 ± SD. 

 

Specificity in the deaminase domain: comparing ADAR1 and ADAR2 deaminases 

To identify differences in editing specificity, each of the ADAR constructs were compared one-on-

one. First, the two deaminase constructs were compared. These proteins lack dsRBDs and editing 

specificity of each will be due to the inherent substrate selectivity of the deaminase domain alone. 

The relative editing frequency for each triplet is shown in figure 4.3 for the comparison of 

ADAR1-deaminase and ADAR2-deaminase. 
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Figure 4.3. Comparison of the relative frequency of NAN triplets (single edits only) for ADAR1-

deaminase and ADAR2-deaminase. Triplets with significant differences in frequency are indicated 

by asterisks for * [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 

 

From figure 4.3, it can be seen that ADAR2-deaminase had a relatively high frequency of editing 

at the adenosine in triplet UAG, while the ADAR1-deaminase was spread more evenly across most 

5’A and 3’U sites, as well as some editing at the CAG site. Significant difference was seen in the 

frequency at CAA, CAU and GAG, but these sites did not have significant levels of editing. Of 

the sites with measurable editing and significant difference between the two deaminases, ADAR1-

deaminase had higher frequency at AAA, AAU and CAG, while ADAR2-deaminase had higher 

frequency for UAU and UAG. 

Observing the trend of which deaminase has higher frequency for specific neighbors, it can be 

seen that ADAR1-deaminase had higher frequency for all 5’A sites, while ADAR2-deaminase had 

higher frequency for most of the 5’U sites, except UAA. It appears that the ADAR1 and ADAR2 

deaminases have a very subtle difference in editing preference, with ADAR1 favoring 5’A and 

ADAR2 favoring 5’U. 
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Modelling the ADAR1-deaminase on the ADAR2 crystal structure 

To further investigate the differences seen in 5’ neighbor selectivity, the ADAR1-deaminase was 

modelled onto the ADAR2 crystal structure (PDB 5ED2, Matthews et al. 2016) that was generated 

in complex with a dsRNA substrate. The ADAR3-deaminase was also modelled for comparison, 

and all three structures can be seen in figure 4.4, with the ADAR1 homology model (4.4a), 

ADAR2 crystal structure (4.4b) and ADAR3 homology model (4.4c). 

From initial observations, the ADAR2 and ADAR3 structures are very similar, with the secondary 

structures of the ADAR3 model mapping closely onto the equivalent ADAR2 structures, as 

expected of protein domains with 75% similarity by sequence. The ADAR1 deaminase, being only 

55% similar to each ADAR2 and ADAR3, has a similar organization of secondary structures, but 

the entire domain appears to be tilted slightly. The catalytic domains of all members of the CDA 

superfamily contain a distinct five-stranded beta-sheet core, with an alpha helix aligned 

perpendicular to the strands, which is visible for all three deaminases in figure 4.4, but the helix 

in ADAR1 is lower than those for ADAR2 and ADAR3, with the deaminase domain rotated 

slightly clockwise in relation to the RNA substrate. 

Figure 4.4b and 4.4c show that the 5’ RNA binding loop – a stretch of flexible residues that interact 

with the 5’ end of the RNA substrate, marked in the figure by a black arrow – is similarly located 

for the ADAR2 and ADAR3 deaminases, although the ADAR3 loop is possibly closer to the 

substrate. The flexibility of this region makes it difficult to model accurately, and the ADAR2 loop 

was only identified in the crystal in complex with RNA, in the earlier crystal structure by Macbeth 

et al. (2005) this stretch of residues was not visible in the structure due to high flexibility.  
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Figure 4.4. Homology models of ADAR1 and ADAR3 deaminases mapped onto the ADAR2 

crystal structure (PDB 5ED2, Matthews et al. 2016), generated in complex with double-stranded 

substrate RNA. Each model was aligned to the active sites residues and modelled with the RNA 

substrate from the ADAR2 crystal, which is shown with the edited strand oriented with the 5’ end 

of the substrate at the top of the image. The ADAR1 (a) and ADAR3 (c) models flank the ADAR2 

(b) crystal structure, with closer images of the orphan base binding loop shown for ADAR1 (d), 

ADAR2 (e) and ADAR3 (f), with binding loop marked by a red arrow for each. The 5’ RNA 

binding loop is also shown for each protein in (d, e, f) marked by a black arrow. 
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The slight clockwise rotation of the ADAR1 domain, as well as the additional five residues in the 

ADAR1 5’ RNA binding loop, brings the loop closer to the targeted editing site, as seen in figure 

4.4d, with more overlap between the protein loop and the RNA duplex than either of the other 

deaminases. Whilst the ADAR2 and ADAR3 5’ RNA binding loops are interacting with bases one 

full turn above the editing site, the ADAR1 binding loop appears to be passing directly above the 

5’ neighbors of the flipped base. 

Again, it is difficult to determine the actual location of the binding loop without a crystal structure 

of the ADAR1 domain, but this closer interaction to the active site does correlate with RNA 

substrate structures identified by Thomas and Beal (2017) and Wang et al. (2018). 

While the ADAR2 deaminase favored sites at the immediate 5’ end of loops – which could also 

mean favoring perfect double-stranded substrate 5’ of that loop – the ADAR1 deaminase favored 

editing sites with a loop 3-6bp upstream. Perhaps if the RNA substrate had a loop 5’ of the editing 

site, rather than being a perfect duplex, then the ADAR1 5’ RNA binding loop would intercalate 

into that loop, rather than the unlikely overlap of protein and RNA seen in 4.4d.  

Modelling the orphan-base binding loop 

The orphan base binding loop, which intercalates into the RNA duplex to interact with the orphan 

base and free the targeted adenosine for base-flipping and editing, can be seen in figure 4.4d-f, 

marked by a red arrow for each deaminase. The loops look to be in a similar position for ADAR2 

(4.4e) and ADAR3 (4.4f), but the ADAR1 loop is shifted further away from the orphan base (4.4d). 

The orphan base binding loop is composed of residues (S/N)GEGT(V/I)PV, with the highlighted 

glutamate interacting with the orphan base to stabilize the flipped conformation. The presence of 

flanking glycines is necessary for flexibility of the loop, as the ADAR1 disease mutation of 
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G1007R, the glycine upstream of the glutamate, kills activity of the protein (Rice et al. 2012). 

Highlighting just the orphan base binding loop residues in the homology models generated in 

figure 4.4, the location of each deaminase loop with respect to the RNA duplex is shown in figure 

4.5, with ADAR1 in blue, ADAR2 in pink and ADAR3 in purple. 

 

 

Figure 4.5. The orphan base flipping loop of ADAR1 (blue), ADAR2 (pink) and ADAR3 (purple) 

modelled onto an RNA duplex. The duplex at left is in the same orientation as all models in figure 

4.4, with the duplex at right rotated 180° to better illustrate the protein intercalating into the RNA 

duplex. The duplex is oriented so that the top of the image is the 5’ end of the edited strand. 

 

As seen in figure 4.5, the ADAR1 orphan-base binding loop deviates from the ADAR2 and 

ADAR3 loops, despite the similar sequences. The variation is occurring at the N-terminal end of 

the binding loop, which has asparagine (N) in ADAR1 and serine (S) in ADAR2 and ADAR3. This 

residue forms hydrogen bond interactions with the immediate 3’ neighbor to the editing site, most 

often guanosine, and both N and S are able to forge this bond, although serine is a stronger 

interacting partner. 
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Comparing the two active ADAR deaminases, it can be seen that the ADAR2 loop pushes much 

further into the RNA duplex, forming a close interaction with the orphan base, while the ADAR1 

loop sits much closer the RNA backbone of the editing strand, implying a more distant, weaker 

interaction with the orphan base. It could be that ADAR2 pushes further into the RNA duplex and 

competes strongly for the orphan base, flipping the now unpaired adenosine into the active site. If 

the ADAR1 does not have the ability to compete for the orphan base, could ADAR1 instead select 

for editing sites with weaker RNA duplex interactions. 

 

The trend for ADAR1 targeting sites with 5’A and ADAR2 favoring sites with 5’U could be 

explained by the difference in orphan-base interactions. Multiple pyrimidines in a row are less 

stable than alternating purine-pyrimidines and are easier to flip out of a duplex structure (Colizzi 

et al. 2019). This has previously been seen for ADAR editing, with Herbert and Rich (2001) finding 

that having multiple pyrimidines 5’ of the editing site increase the level of editing. Alternating 

purine-pyrimidine sequences form cross-strand stacking of pyrimidines that increases the stability 

of the duplex and so increases the energy required to break the structure. The AAG triplet, favored 

by ADAR1-deaminase, and UAG, favored by ADAR2-deaminase, are schematized in figure 4.6, 

which illustrates the cross-strand stacking of the UAG triplet with the non-editing RNA strand. 
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Figure 4.6. Schematic of AAG (a) and UAG (b) triplets in an RNA duplex, with cross-strand 

stacking of pyrimidines visible for UAG (b). Base-flipping of the adenosine is shown on the right 

for each triplet, with the relative location of the orphan-base binding loop of ADAR1 (a, blue) and 

ADAR2 (b, pink), illustrating that the more stable duplex of UAG (b) requires the protein loop to 

interact much closer to the orphan base, while the weaker duplex of AAG (a) does not require the 

same level of interaction. 

 

Figure 4.6a illustrates the weaker RNA duplex of AAG, and the more distant interaction between 

the orphan base and the ADAR1 protein loop, while the stronger UAG duplex (4.6b) requires the 

ADAR2 loop to push much closer to the orphan base to disrupt the cross-stacked pyrimidines. 
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Comparing the full-length ADAR1-p110 and ADAR2 

Having observed that the ADAR1 and ADAR2 deaminases have slightly different editing 

specificities, the full-length proteins were then compared to see if the same patterns were observed 

or if the addition of dsRBDs provided additional specificity. Figure 4.7 shows the relative editing 

frequency for ADAR1-p110 and ADAR2. All relative frequencies were plotted for 15 adenosine 

sites, excluding the GAG site, which was negative for editing for all proteins but had high 

background signal for proteins with low overall editing, such as ADAR1-p110. 

 

Figure 4.7. Comparison of the relative frequency of NAN triplets (single edits only) for ADAR1-

p110 and ADAR2, relative frequency counted across 15 triplets, with GAG removed due to high 

noise. Triplets with significant differences in frequency are indicated by asterisks for * [0.05> P > 

0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 

As seen in figure 4.7, ADAR2 had higher frequency for most adenosine-containing triplets, with 

the exception of the 5’A sites AAU and AAC, which had no significant difference between the two 

proteins, and AAG, which was highly favored by ADAR1-p110, with 3.2 fold higher frequency 

than ADAR2 at this site. ADAR2 had similar frequency for most sites, with no single site at more 

than ~10% of all edits, while the AAG site represented ~45% of ADAR1-p110 edits. 
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The editing pattern observed in figure 4.7 was very different to that seen for the deaminase 

domains (fig 4.3), implying that the dsRBDs do provide additional substrate selectivity. If ADAR1-

p110 was utilizing binding by the dsRBDs to target the AAG site so specifically, the binding could 

be occurring upstream or downstream of the site, as the AAG site is right in the middle of the 50bp 

dsRNA substrate, at position 26. 

 

The role of dsRBDs: comparing full-length ADARs to deaminase-only 

Having observed that the full-length ADAR1-p110 and ADAR2 have very different patterns of 

editing frequency for adenosine-containing triplets, each full-length ADAR was then compared to 

its respective deaminase-only construct. 

 

Comparing ADAR1-p110 to ADAR1-deaminase 

Figure 4.8 shows the relative editing frequency for ADAR1-p110 and ADAR1-deaminase. 

 

Figure 4.8. Comparison of the relative frequency of NAN triplets (single edits only) for ADAR1-

p110 and ADAR1-deaminase. Triplets with significant differences in frequency are indicated by 

asterisks for * [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 
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Similar to the comparison of ADAR1-p110 to ADAR2, p110 had significantly higher frequency at 

AAG, 2.6-fold higher than ADAR1-deaminase, while ADAR1-deaminase had significantly higher 

frequency at all other sites: AAU, UAN, and CAG, with highest frequency at UAG with 3.2-fold 

higher frequency than p110. When comparing ADAR1-deaminase to ADAR2-deaminase, the 

ADAR1-deaminase had higher frequency of 5’A sites, while ADAR2-deaminase favored 5’U. 

Here, ADAR1-p110 had higher frequency of 5’A than the deaminase, indicating that while the 

deaminase favored 5’A, the addition of dsRBD pushed that to an even higher frequency. 

Comparing ADAR2 to ADAR2-deaminase 

Figure 4.9 shows the relative editing frequency for ADAR1-p110 and ADAR1-deaminase. 

 

Figure 4.9. Comparison of the relative frequency of NAN triplets (single edits only) for ADAR2 

and ADAR2-deaminase. Triplets with significant differences in frequency are indicated by 

asterisks for * [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 

Much like the ADAR1 full-length versus deaminase comparison, the ADAR2-deaminase had 

significantly higher frequency at UAG relative to the full-length ADAR2. ADAR2 had 

significantly higher frequency at AA(A/U), UAA, and CA(A/C/G) while the deaminase had higher 

frequency at AAG and UA(U/G). Much like the ADAR1-deaminase, the full-length ADAR2 had 
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relatively similar frequency for many 5’ and 3’ neighbour combinations of the editing site, with no 

single site having more than ~15% of the editing events, while ADAR2-deaminase had ~40% of 

all editing at the UAG site. Comparing the full-length and deaminase editing frequencies for 

ADAR1 and ADAR2, there were three adenosine-containing triplets that stood out: AAG, CAG 

and UAG. 

AAG had similar editing frequency by the deaminases, but ADAR2 had lower frequency than 

ADAR2-deaminase and ADAR1-p110 had higher frequency than ADAR1-deaminase. This 

indicates that while the two deaminases had similar efficiency with editing this site, the ADAR1 

dsRBDs increased efficiency, while ADAR2 dsRBDs either decreased efficiency or increased 

editing of other sites, for an apparent drop in efficiency. 

CAG had the opposite pattern to AAG, with ADAR2 having higher frequency than ADAR2-

deaminase, and ADAR1-p110 having lower frequency than ADAR1-deaminase. This indicates 

that ADAR2 dsRBDs increased editing efficiency for this site, confirmed previously as this site is 

present in the highly edited GLURB Q/R site (Stefl et al. 2010), which requires dsRBD binding to 

the 3’ region of the transcript to facilitate editing.  

UAG had higher editing frequency by ADAR2-deaminase than by ADAR1-deaminase, but both 

deaminases had higher frequency than the full-length proteins. Along with AAG, UAG is one of 

the most favorable editing sites, due to the 5’A/U not clashing sterically with the protein, and the 

3’G interacting favorably with the N/S residue as described on pg. 68. As such UAG is an easily 

editable site, but neither ADAR1 nor ADAR2 increases editing of this site, indicating that the role 

of the dsRBDs is to increase editing for difficult-to-edit sites. It is therefore interesting that the 

other easily editable site, AAG, had increased editing by the ADAR1-p110 protein. Perhaps AAG 

is common in the ADAR1-favored RNA structures, with loops immediately 5’ of the editing target. 
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The role of the N-terminal domain: comparing ADAR1 isoforms p110 and p150 

The relative frequency of editing at each triplet is shown for ADAR1-p150 and ADAR1-p110 in 

figure 4.10. As the ADAR1 isoforms only differ by the N-terminal region, with ADAR1-p150 

possessing a functional ZBD to interact with left-handed DNA/RNA, any differences in editing 

frequency between the ADAR1 isoforms would likely be due to the ZBD. 

 

 
Figure 4.10. Comparison of the relative frequency of NAN triplets (single edits only) for ADAR1 

isoforms p150 and p110, relative frequency counted across 15 triplets, with GAG removed due to 

high noise. Triplets with significant differences in frequency are indicated by asterisks for                   

* [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 

 

From figure 4.10, it can be seen that the only editing sites with a significant difference in frequency 

are CAC and GAU, both sites that do not have significant editing over background. As such, there 

was no difference in editing by the ADAR1 isoforms on a perfectly double-stranded 50bp 

substrate. The highest editing frequency was for AAG, with ~35-40% of all edits occurring at this 

site. Both isoforms favored 5’A sites over other possible 5’ neighbors. 
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The similar pattern of editing frequency by ADAR1-p150 and ADAR1-p110 could either mean 

that the ZBD has no effect on a substrate of this length, or that the role of the ZBD is not substrate-

selectivity but could be to improve efficiency of editing for sites that are already good ADAR 

targets. The overall activity of the ADAR1-p150 isoform (11.1 ± 3.31%) was higher than the p110 

isoform (4.0 ± 0.22%), which could be due to the presence of the ZBD, either increasing the editing 

efficiency of the protein or even stabilizing the protein so that a larger fraction of the purified 

protein is consistently active. 

Work by Koeris et al. (2005) compared editing by ADAR1-p150 against a substrate that either did 

or did not contain a (CG)6 repeat and found that the repeat sequence increased the editing level for 

sites that were already being edited, and had little effect on non-edited As, such as AAA repeats. 

This supports the notion that the ZBD in ADAR1-p150 increases the level of editing but does not 

necessarily have a role in selection of the editing site. As ADAR1-p110 is constitutively expressed 

and ADAR1-p150 is only induced following interferon stimulation, it is possible that the low level 

of editing seen for p110 could be the basal level of editing. A cell in an antiviral state may require 

a higher level of editing, thus the increased activity of the interferon-induced p150 isoform. 

Probing the cause of ADAR3 inactivity 

From sequence alignment to human ADAR1 and ADAR2, ADAR3 has all of the catalytic residues 

that form the catalytic core, but ADAR3 has never been shown to have activity and no target 

substrates have been identified. In vitro, ADAR3 has been shown to bind to, but not edit, RNA 

substrates of ADAR2 (Oakes et al. 2017b). Following the discovery of ADAR3, it was theorized 

that the lack of activity could be due to autoinhibition of the deaminase domain, by the dsRBDs 

of the protein (Cho et al. 2003). 
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Confirmation of ADAR3-deaminase inactivity 

The deaminase domain of ADAR3 was expressed alone, to determine if the inactivity of the protein 

was due to the deaminase domain lacking catalytic activity, or due to inhibition by the other 

domains – the dsRBDs and R domain. In table 4.3, the overall level of editing measured for the 

ADAR3-deaminase is shown in bold, and at 1.1 ± 0.37% the value is similar to the negative control 

at 0.8 ± 0.32%. Figure 4.11a and table 4.4 further illustrate that the ADAR3-deaminase is 

catalytically inactive, with figure 4.11a showing the negligible total editing measured for each 

adenosine-containing triplet, and table 4.4 showing that all of the triplets had no significant 

difference to the negative control. As such, the inactivity of ADAR3 does not depend on the 

dsRBDs or R domain, as the deaminase domain alone lacks activity.  

 

Table 4.3. Overall editing of the 50bp dsRNA substrate by the ADAR3-deaminase and the mutant 

A389V, following incubation for 1 hour with 0.05μM protein and 0.05μM dsRNA. Editing levels 

for other proteins previously shown in Table 4.1 as comparison. Values are n = 3 ± SD.  

 Total editing [%] ± SD 

ADAR1-p150 11.1 3.31 

ADAR1-p110 4.0 0.22 

ADAR1-deaminase 10.2 1.39 

ADAR2 14.6 1.82 

ADAR2-deaminase 4.2 0.93 

Negative control 0.8 0.32 

ADAR3-deaminase 1.1 0.37 

ADAR3-deaminase A389V 3.7 1.58 
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Figure 4.11. Total editing at each triplet in the 50bp dsRNA substrate, measuring percentage as 

number of A-to-G changes counted at each location over the total number of reads. Showing 

editing levels for ADAR1-p150, -p110, and -deaminase, and ADAR2 and ADAR2-deaminase. 

Grey bars represent background A-to-G noise in the sequencing, from samples without protein 

added. Each bar is n = 3 ± SD. 
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Table 4.4. Identification of triplets with significant levels of editing over background for ADAR3-

deaminase and ADAR3-deaminase A389V. Significance calculated by T-test (unpaired, two-tailed, 

unequal variance), comparing each sample (n = 3) to the negative control (n = 3).                                                             

* [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001] 

 ADAR3-D ADAR3-D A389V 
AAA ns ns 
AAU ns * 
AAC ns ns 
AAG ns * 
UAA ns * 
UAU ns * 
UAC ns * 
UAG ns * 
CAA ns ns 
CAU ns ns 
CAC ns ns 
CAG ns * 
GAA ns ns 
GAU ns ns 
GAC ns ns 
GAG ns ns 

 

 

Design of the ADAR3-deaminase mutant A389V 

From the sequence alignment of the three ADAR family members (fig. 1.5), all residues that form 

the active site pocket are the same for ADAR2 and ADAR3, except for one. A389 in ADAR3 is 

valine in ADAR2 and isoleucine in ADAR1. When the ADAR2 crystal structure was generated, it 

was theorized by Matthews et al. (2016) that this residue forms a hydrophobic ‘floor’ for the 

adenosine to sit on when coordinated in the active site. The presence of an alanine at this position 

in ADAR3 could play a role in the protein’s inactivity, due to the shorter side chain length. 



 

80 
 

Measuring activity of the ADAR3-deaminase mutant A389V 

The ADAR3-deaminase A389V mutant was generated and purified, and the level of editing was 

measured, with the overall activity shown in table 4.3. Unlike the wildtype ADAR3-deaminase, 

the A389V mutant was shown to have a low level of A-to-I editing. The low level of editing for 

the A389V mutant, 3.7 ± 1.58%, was similar to the level measured for ADAR1-p110 and ADAR2-

deaminase. 

Figure 4.11a shows the total editing measured at each triplet, with measurable editing by ADAR3-

deaminase A389V at most of the 5’A and 5’U positions as well as CAG, similar to the ADAR1 

and ADAR2 proteins. Table 4.4 shows that adenosines in triplets AA(U/G), UAN and CAG had 

significant levels of editing compared to the negative control, confirming that the A389V mutation 

was able to rescue catalytic activity. The activity was still low, and the introduction of additional 

mutations could potentially increase the level of editing over that seen here. 

Comparing ADAR3-deaminase A389V to ADAR1 and ADAR2 deaminases 

Figure 4.11b shows the overall level of editing for ADAR3 A389V in comparison to the ADAR1 

and ADAR2 deaminases, showing that ADAR3-deaminase A389V had similar overall editing to 

ADAR2-deaminase at most sites. Figure 4.12 shows relative frequency of single-editing events 

for all three deaminases. The ADAR3 mutant had similar frequencies to ADAR1 at most triplets, 

most apparent for editing sites UA(U/C/G), which all had significant differences to the ADAR2-

deaminase but not to the ADAR1-deaminase. It is unexpected that the ADAR3-deaminase mutant 

behaves similar to ADAR1, considering the sequence similarity to ADAR2 and the homology 

model of ADAR3 also being more ADAR2-like than ADAR1-like (fig 4.4, 4.5). Perhaps the 

substrate selectivity of ADAR3 depends on the 5’ RNA binding loop, which is the same length as 
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the ADAR2 loop, but the amino acid content is significantly different. The ADAR2 loop is 

SPHEPILEEPADRHPNR, and the ADAR3 loop is SPYEITTDLHSSKHLVR, with conserved 

residues in bold. 

 

 

Figure 4.12. Comparison of the relative frequency of NAN triplets (single edits only) for 

deaminases ADAR1, ADAR2 and ADAR3 A389V., relative frequency counted across 15 triplets, 

with GAG removed due to high noise. Triplets with significant differences in frequency are 

indicated by asterisks for * [0.05> P > 0.01], ** [0.01 > P > 0.001], *** [P < 0.001]. n = 3 ± SD. 

 

The only site with significantly different editing frequency to ADAR1 was AAU, where the mutant 

ADAR3 had higher frequency than ADAR2 and lower frequency than ADAR1. Although the 5’C 

sites CA(A/U/C) did not have significant editing over background, at all three of these sites the 

ADAR3-deaminase mutant had significantly higher frequency than both ADAR1 and ADAR2. 

Perhaps if additional mutations were found to increase the activity of the ADAR3-deaminase 

mutant, these sites may show signs of editing. 
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Comparisons to a previously published ADAR3 mutant 

Concurrent with this work, Wang et al. (2019) recently published an ADAR3-deaminase penta-

mutant A389V, V485I, E527Q, Q549R, Q733D that rescued editing activity. All mutations tested 

were to convert ADAR3 residues into the equivalent ADAR2 residues, and were tested on the 

background of E527Q, which is the ADAR3 equivalent of the ADAR2 E488Q mutation used to 

increase editing efficiency (Kuttan & Bass, 2012; Phelps et al. 2015). Alongside the A389V 

mutation, the three other mutations tested were V485I, which anchors the catalytic core glutamate 

in the active site, Q549R, which interacts with the RNA backbone of the non-edited strand near 

the orphan base, and Q733D, which sits adjacent to the inositol co-factor.  

Initial tests were performed with an ADAR2 / ADAR3 chimera with ADAR3 residues 342-488. 

The chimera possessed the ADAR3 catalytic core, but the ADAR2 5’ binding loop and orphan 

base binding loops. Wang et al. found that, for the chimera, E527Q was not able to rescue activity 

alone, but the double mutant A389V / E527Q was able to rescue. This likely means that the role 

of the E527Q mutation is to improve editing efficiency of already active ADARs but cannot itself 

rescue activity. Unfortunately, Wang et al. did not test the A389V mutation without the E527Q 

background in the chimera, so it is unknown if the A389V mutation alone would have been able 

to rescue activity for that construct. 

Moving from the chimera to the full ADAR3 deaminase sequence, Wang et al. was unable to 

rescue activity with the quadruple mutant A389V, V485I, E527Q, Q733D, but the addition of 

Q549R to make the penta-mutant was able to generate editing activity. The lack of editing by the 

quadruple mutant is interesting, considering that figure 4.11a above demonstrates a single mutant 

A389V that is able to rescue activity. Possibly, the 50bp perfectly double stranded RNA substrate 

used in this work is an easier editing target for the ADAR3-deaminase, and the hairpin substrate 
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used by Wang et al. required more adaptations in the protein to be able to efficiently edit the site. 

The hairpin used had a 16bp stem, with the targeted site on a loop, similar to the sites favored by 

ADAR2. As the ADAR3-deaminase mutant characterized above in figure 4.11 had similar editing 

patterns to ADAR1, not ADAR2, perhaps the choice of substrate was the reason for no observed 

activity by the A389V mutant. 

 

Summary of Chapter IV results 

A high throughput sequencing assay has been developed that can measure the editing level for 

adenosines with all possible combinations of 5’ and 3’ neighbour, characterizing differences 

between ADAR proteins and domains. ADAR2 was the most active protein, with 14.6 ± 1.82% 

overall editing. The low overall level was due to high editing of specific sites and very low editing 

of other sites. 

The ADAR1 isoforms p150 and p110 had similar editing frequencies for each adenosine-

containing triplet, indicating that on a 50bp substrate the ZBD provided no additional selectivity. 

However, the p150 protein had 3-fold more editing than p110, indicating that the ZBD may have 

assisted in increasing editing levels or stabilizing the protein, rather than having a role in substrate 

selectivity. 

Comparing the ADAR1 and ADAR2 deaminases, it was observed that ADAR1-D favors 5’A and 

ADAR2-D favors 5’U. From homology modelling of ADAR1 onto the ADAR2 crystal structure, 

the orphan-base binding loop of ADAR1 did not intercalate as far into the RNA duplex and likely 

is less able to disrupt the duplex than ADAR2, which intercalates and interacts closely with the 
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orphan base. As such, it could be that ADAR1-deaminase favors 5’A sites as they are less rigid 

than 5’U sites, and more easily released into the flipped-out conformation. 

Comparing the full-length ADAR1-p110 and ADAR2 proteins to their respective deaminase 

domains, it was observed that both full length proteins had decreased editing frequency of UAG 

relative to the deaminases. For site AAG, ADAR1-p110 had increased frequency while ADAR2 

had a decrease, and the opposite was seen for CAG, with ADAR2 having increased frequency over 

the deaminase. This implies that the dsRBDs are providing additional editing site selectivity over 

the deaminase domains, and that ADAR1-p110 and ADAR2 are targeting different sites. 

The deaminase domain of ADAR3 was confirmed to be catalytically inactive, and the single point 

mutant A389V rescued activity to a low level, similar to the overall editing level of ADAR2. 

Despite the sequence similarity to ADAR2, the ADAR3-deaminase mutant showed similar triplet 

frequencies to ADAR1, implying that there is something different in the ADAR3 interaction with 

substrate RNA. A likely candidate is the 5’ RNA binding loop, with only four of 17 residues 

conserved between the two proteins. 

 

Although the level of editing at 5’C sites by the ADAR3-deaminase mutant was not significant, 

the mutant did have significantly higher frequency at 5’C sites over both ADAR1 and ADAR2 

deaminases. The ADAR3 deaminase could be a candidate for engineering an enzyme for site-

directed editing of 5’C sites. Combining the A389V mutant with the E527Q mutant to increase 

activity further may generate an ADAR protein with 5’C editing capabilities, perhaps building a 

chimeric protein with ADAR2 dsRBDs, which were shown to increase editing frequency of 

CA(A/C/G) over the ADAR2-deaminase. 
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Chapter V – ADAR editing specificity from simple to complex substrates 

Alongside characterization of ADAR protein activity in vitro, ADAR editing sites have also been 

identified as A/G mismatches in transcriptomic data. The identification of edited sites in a 

transcriptome – designated the editome – does not necessarily contain information about how 

efficiently each site is edited, or the abundance of transcripts where editing is occurring. 

To observe if the neighbor preferences characterized in an editome, here using the HEK 293T 

editome published by Chung et al. (2018), are similar to the neighbor preferences measured in 

vitro, the 5’ and 3’ neighbor preferences as well as the triplet preferences were calculated and 

compared to the in vitro values measured in Chapter IV. The editing sites in the 293T editome 

were also corrected for the relative abundance of each triplet in the transcriptome, to observe if 

editing frequency of each triplet was skewed by the number of possible editing sites available. 

One factor that could be involved in observed differences in editing specificity between a simple 

50bp dsRNA and the complex editome of a cell is that recognition of RNA by the dsRBDs may 

not be fully elucidated using a short, perfectly double-stranded segment. 

To further explore the role of the dsRBDs in substrate selectivity, more complex pools of RNA 

were used as substrate for an in vitro incubation with ADAR proteins. A pilot experiment, using 

low concentrations of total RNA from HEK 293T ADAR1/2 KO cells (293T) or reovirus T1L 

RNA (reoT1L), was performed to identify editing in these longer substrates. HEK 293T total RNA 

contains a complex pool of RNAs of different lengths and secondary structures, and identification 

of 5’ and 3’ neighbour preference differences between ADAR isoforms and deaminase domains 

may be able to determine if the dsRBDs are having a greater effect on these substrates than on the 

50bp dsRNA. Additional characterization of the secondary structures where editing events occur 
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can provide further insight into the type of structures that ADAR proteins are targeting – adding 

to work previously done by Thomas and Beal (2017) and Wang et al. (2018), and the degree to 

which this recognition depends on the dsRBDs and ZBDs. 

The use of reoT1L RNA as substrate was also piloted, to develop a method to not only identify 

editing sites, but to count the relative level of editing at each site. reoT1L has its genome organized 

into 10 segments of perfectly double-stranded RNA, of lengths varying from 1200 – 4000bp. It 

has not been shown to be a target of RNA editing by ADAR proteins or affected by upregulation 

of ADAR1-p150 following interferon induction (Hood et al. 2014). However, reoT1L RNA is a 

good substrate for characterizing editing specificity due to 5’ and 3’ neighbors, due to its perfectly 

double-stranded nature and lack of complex RNA secondary structures. The use of reoT1L RNA 

as substrate is primarily to develop a version of the in vitro editing assay for a longer substrate, as 

use of the 50bp substrate may not be able to distinguish different editing specificity of the dsRBDs. 

Comparing in vitro editing frequencies to the 293T editome 

Using the list of all editing sites identified in the HEK 293T editome (Chung et al. 2018), editing 

sites were separated by the identity of the 5’ or 3’ neighbor of each editing site. Figure 5.1 shows 

the relative frequencies of each neighbor across the whole editome, with 5’ neighbors shown at 

left and 3’ neighbors shown at right. The 293T editome was generated for ADAR1, identifying 

sites for p150 and p110 together, as well as identifying ADAR1-p150 edit sites specifically. Each 

editome was then split into editing sites in Alu elements and the rest of the transcriptome, as Chung 

et al. found that the majority of editing was occurring in the Alu elements. The 5’ and 3’ neighbor 

preferences were also counted for each of the ADAR constructs characterized using the in vitro 

editing assay in Chapter IV. 
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Figure 5.1. 5’ (left) and 3’ (right) neighbor frequencies for in vitro samples ADAR1-p150, 

ADAR1-p110, ADAR1-deaminase, ADAR2, ADAR2-deaminase, and ADAR3-deaminase 

A389V, and neighbor frequencies counted from HEK 293T editomes for ‘p150’ and ‘ADAR1’ 

(p110+p150) separated into edits in Alu and nonAlu sequences (Chung et al. 2018). 

 

In figure 5.1, the first observation is that the editome samples were all similar to each other, with 

measurable editing frequency of all neighbors, except 5’G. in vitro samples, in comparison, had 

more variation between the proteins showing distinct characteristics for each protein tested. The 

editomes were all from ADAR1 editing however, so differences in editing patterns would not be 

as extreme as those seen for the in vitro samples. Indeed, the differences in 5’ neighbor were split 

between the nonAlu and Alu editing sites, with nonAlu having a higher proportion of 5’A, rather 

than observing any difference in pattern between the ADAR1 (p110+p150) and ADAR1-p150 

editomes. The more even spread of neighbor frequency in the editome data sets is likely due to a 

combination of recognition by dsRBDs and the sheer number of available editing sites in a 

transcriptome, compared to a 50bp dsRNA with one site for each neighbor combination. 
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In figure 5.1, it can be seen that the majority of samples, in vitro and editome, had a low frequency 

of 5’G, and a high frequency of 5’A/U. ADAR3-deaminase A389V and ADAR1-p110 had a higher 

frequency of 5’G due to the high background signal at the GAG site. The editome samples had a 

higher relative amount of 5’C, with Alu elements having higher frequency than nonAlu transcripts, 

and the editomes all have similar frequency of 5’A and more variable frequency of 5’U. In 

comparison, the in vitro samples had highly variable 5’A frequencies, from ADAR1-p150 with 

>50% to ADAR3-deaminase A389V with ~20%. 

For the 3’ neighbors, all samples had high frequency of 3’G. All four of the editome samples had 

similar frequencies, with the Alu frequencies skewing slightly to 3’C and nonAlu frequencies 

skewing the 3’A, with 3’U remaining somewhat constant. The in vitro samples followed a similar 

pattern, but with lower 3’A frequencies, especially for ADAR1-p110. The most similar in vitro 

sample to the editomes was ADAR2, which showed significant editing activity at the most sites in 

the 50bp dsRNA substrate, most likely due to ADAR2 being the most active purified protein. 

The 5’ and 3’ neighbor counts were then combined to calculate the relative frequency of each 

adenosine triplet. The in vitro triplet frequencies had been previously calculated, shown in figure 

4.2b, and those values are also shown below in table 5.1. The triplet frequencies for each of the 

editome data sets were counted and are also shown in table 5.1.  

The frequency of each triplet was highlighted for relative abundance, and it can be seen in table 

5.1, that all of the highly edited adenosine-containing triplets – in red – grouped together at the 

5’A and 5’U triplets, with low frequency sites – in blue – including the 5’G and most of the 5’C 

sites. The noisy GAG signal could be seen for ADAR1-p110 and ADAR3-deaminase A389V, with 

high frequency apparent at that editing site. Overall, there was a similar pattern of 5’ and 3’ 

neighbour preference for editing for all samples, with the nonAlu editomes following a similar 
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pattern to the in vitro ADAR1-p150, ADAR2 and deaminase patterns. The AAG editing site in 

ADAR1-p150 and -p110, and the UAG editing site in ADAR1-and ADAR2-deaminases were 

highly edited, as observed previously, and none of the editome frequencies were as extreme as the 

in vitro frequencies. The substrate selectivity of the proteins in isolation is not the only determinant 

in choosing an editing target, as the frequencies of editing do change between the in vitro and 

editome data. 

 

Table 5.1. Relative triplet frequencies for in vitro samples ADAR1-p150, ADAR1-p110, ADAR1-

deaminase, ADAR2, ADAR2-deaminase, and ADAR3-deaminase A389V (values from figure 

4.2b), and triplet frequencies from HEK 293T editomes for ‘p150’ and ‘ADAR1’ (p110+p150) 

separated into edits in Alu and nonAlu sequences (Chung et al. 2018). Triplets with high editing 

frequency are labelled in red, and triplets with low editing frequency are labelled in blue. 

 

Editing frequencies in Alu elements are interesting as, when compared to the nonAlu editing sites 

as well as the in vitro samples, there was more editing occurring at 5’C sites. The low frequency 

at CAU however, combined with the low frequency of UAU, implies that 3’U was not favorable 

for editing in Alu elements, possibly due to the triplets being in RNA structures not amenable for 
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editing, or just having those triplets at low abundance. The p150-specific editome also had the 

lowest frequency of UAG editing, compared to the three other editome data sets, and most of the 

in vitro proteins, except for ADAR1-p150 and p110. The absence of UAG editing in the Alu 

editome could be due to low abundance of the UAG triplet in Alu sequences, but the low frequency 

in the in vitro ADAR1-p150 was due to inherent behavior of the protein, which implies that 

ADAR1-p150 is not targeting UAG for editing. 

To determine if the triplet editing frequencies in the editome data was strongly affected by 

abundance of each triplet, the abundance of triplets was calculated across the entire transcriptome, 

as well as abundance in active Alu elements. The frequencies are shown in table 5.2a, and it can 

be seen that UAG is the least common adenosine triplet across the transcriptome and is also rare 

in Alu elements. 5’U is the least common neighbor in the transcriptome, with AAA and CAG the 

most common triplets. AAA is also the most common triplet in Alu sequences, due to the poly-A 

tail, and GAG is also highly frequent. Alu elements, being a specific subset of the transcriptome, 

have a more extreme spread of relative triplet abundance, and 5’U/C and 3’U/C sites are all rare 

in these sequences. 

For each triplet in the editome data sets, the expected editing level was set based on the frequency 

of the triplet. Measured frequencies were then converted to fold change of observed editing over 

the expected value, with positive values indicating that editing was occurring more than expected 

for the number of editing sites available, and negative values indicating lower than expected. Table 

5.2b shows the fold change calculated for each editome data set, with positive values in red and 

negative values in blue. 
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Table 5.2. Relative frequency of each adenosine triplet in Alu elements (Konkel et al. 2015) and 

in the whole transcriptome (a). Triplets with high abundance are labelled in red, and triplets with 

low abundance are labelled in blue. Fold change of observed editing over expected, relative to the 

frequency of each triplet in either Alu elements or the whole transcriptome (b). Positive fold-

change is labelled in red, negative fold-change is labelled in blue. 

 

It can be seen in table 5.2b that even though the Alu editomes had high frequency of editing at 

most sites except UAU, CAU and GAN (table 5.1), the 5’A editing sites were not edited above 

expected, due to the high frequency of 5’A sites in Alu elements. On the contrary, the AAG, 

UA(C/G) and CA(C/G) sites were being edited above the expected frequency. ADAR1 appeared 

to be targeting these sites for editing in Alu elements, whereas editing of 5’A sites was mostly due 

to the massive number of sites available, meaning some of them were edited even if the protein 

was not as specific for those sites. The over-abundance of editing at UAG was also seen in the 

nonAlu editing sites, with UAA and UAG especially overrepresented. CAG, despite having a 

similar frequency of editing to UAG, was not edited above the expected level, due to CAG being 

four times more common in the transcriptome than UAG. 
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In vitro editing of complex substrates 

To bridge the gap between ADAR editing against a simple 50bp RNA and the editing seen in 

editomes, a number of more complex RNAs were trialed as in vitro editing substrates. 

Counting ADAR editing events in reovirus T1L dsRNA 

After characterization of ADAR activity against a perfectly double-stranded 50bp RNA, reoT1L 

RNA was chosen as a potential editing substrate, as it has a perfectly double-stranded genome. The 

reoT1L genome is organized into 10 segments of dsRNA that range from ~1500bp for small 

segments S1, S2, S3 and S4, to ~2500bp for medium segments M1, M2 and M3, and ~4000bp for 

large segments L1, L2 and L3 (Hood et al. 2014).  

The initial pilot for measuring editing in reoT1L RNA was performed to not only identify editing 

sites, but to be able to count the number of editing events at each specific site so that editing 

efficiency can be compared across sites. This was achieved by preparing RNAseq libraries using 

a unique molecular identifier (UMI) linked to the random hexamers used for reverse transcription. 

When sequenced and aligned, each RT event can be identified by a different UMI sequence, with 

identical sequences indicative of PCR amplification, and collapsed into single reads. 

reoT1L RNA was isolated at a low concentration – 10ng/μl – much lower than the concentration 

used of the synthetic 50bp dsRNA in the in vitro assay. For both the synthetic 50bp dsRNA and 

the reoT1L RNA, protein and RNA were mixed at a 1:1 molar ratio, but as the reoT1L was a much 

lower concentration than the 50bp RNA, the concentration of the protein for the reoT1L reaction 

was also lower than for the synthetic RNA. The reoT1L was incubated at a 1 protein : 50bp RNA 

molar ratio of 0.25nM : 0.25nM. This is in contrast to the 50bp dsRNA, which was incubated with 

ADAR proteins at a 1:1 molar ratio of 100nM : 100nM. Each purified protein – ADAR1-p150, 



 

93 
 

ADAR1-p110, ADAR1-deaminase, ADAR2, and ADAR2-deaminase – was incubated with 

reoT1L RNA for 1hr at 37°C before libraries were generated to identify editing sites. 

Due to the low concentrations tested, a small number of editing events were identified, primarily 

edited by ADAR1-p150. At each of the editing sites identified, the presence of a UMI tag allowed 

individual editing events to be counted, to be able to measure efficiency of editing per site. 

Identification of editing sites was stringent, with mismatches needing to be present for at least two 

samples and not present in any of the negative controls. Due to the low level of editing in the pilot 

experiment, all editing sites identified were combined into a single list, incorporating sites edited 

by ADAR1-p150, ADAR1-p110 and the two deaminase domains from ADAR1 and ADAR2. The 

full-length ADAR2 failed to generate any identifiable editing events in this data set. Table 5.3 

shows the editing sites identified, across the 10 reovirus segments, detailing the site of the 

identified edit, the sequence context and the number of edits counted for that site. 

Table 5.3. A-to-I editing events identified in reovirus T1L RNA. The reovirus segment and 

position is listed for each site, as well as whether the editing event was found in the positive or 

negative strand of the RNA segment. The triplet sequence surrounding the adenosine is also noted, 

as is the number of unique edits seen at each site. 

Reovirus segment 
Position in 

segment [bp] 
Positive or 

negative strand 
Editing site 

triplet 
No. editing events 

counted 

L3 1391 - GAG 26 

M2 429 - GAC 24 

M3 1982 - CAC 29 

S1 604 + UAG 19 

S3 640 + AAG 22 

S3 974 + AAG 19 

S4 948 - CAC 69 
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The small number of editing events identified, due to low concentration of RNA and protein during 

the editing reaction, prevents any conclusion from this data. The main takeaway from this pilot 

experiment is that ADAR proteins are capable of editing reoT1L dsRNA, and that the use of UMI-

linked hexamers to label allowed for identification of identification of individual editing events. 

 

Measuring in vitro editing frequencies on HEK 293T substrate RNA 

To better characterize the role of the dsRBDs in substrate selection, 293T total RNA was used as 

substrate for editing in vitro by ADAR constructs. Each purified protein – ADAR1-p150, ADAR1-

p110, ADAR1-deaminase, ADAR2, and ADAR2-deaminase – was incubated at a 1 protein : 50bp 

RNA molar ratio for 1hr at 37°C. This is the same 1:1 ratio as the in vitro 50bp assay, but the 293T 

RNA was isolated to a concentration of 1μg/ul, so while the 50bp dsRNA was incubated at a ratio 

of 100nM : 100nM, the 293T RNA was incubated with ADARs at a ratio of 30nM : 30nM. 

After generating libraries for each 293T sample after incubation with an ADAR protein, analysis 

did show that the total number of editing events was much lower than the in vitro samples, as 

expected due to the lower concentrations. Along with the low total editing measured, the majority 

of editing sites were clustered in Alu elements, with much lower frequency of editing in non-Alu 

sequences. This is shown in figure 5.2a, that has counts of all nucleotide conversion and illustrates 

that A/G and T/C conversions are more prevalent than other mismatches, indicating A-to-I edits, 

and those mismatches are mainly in Alu elements. 
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Figure 5.2. All nucleotide variants identified in 293T transcripts, following incubation of 293T 

RNA in vitro with purified protein ADAR1-p150, ADAR1-p110, ADAR1-deaminase, ADAR2, 

ADAR2-deaminase, or ADAR3-deaminase A389V (a), with A/G and T/C variants indicating 

editing sites located in Alu or nonAlu sequences. Distribution of A/G and T/C variants across 

transcript categories (b), with majority of editing events in 3’UTR, introns and intergenic regions. 

 

For the A/G and T/C mismatches identified, figure 5.2b shows the regions of the transcriptome 

where these sites are located, with intronic and intergenic having the highest number of identified 

editing sites, both in Alu and nonAlu sequences, and a high number of editing sites in Alu elements 

contained in 3’UTRs. For all of the editing sites identified in each protein condition, the 5’ and 3’ 

neighbors were counted and a plot of relative frequency of each neighbor was generated, shown 

in figure 5.3, with frequencies counted for editing of 293T in vitro by proteins ADAR1-p150, 

ADAR1-p110, ADAR1-deaminase, ADAR2, and ADAR2-deaminase, as well as the frequencies 

found for endogenous edits in WT 293T. 
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Figure 5.3. 5’ (left) and 3’ (right) neighbor frequencies for editing sites in 293T RNA, following 

incubation of ADAR1/2-/- HEK 293T RNA in vitro with purified proteins ADAR1-p150, ADAR1-

p110, ADAR1-deaminase, ADAR2, ADAR2-deaminase, and ADAR3-deaminase A389V. The 

typical editing frequencies for endogenous ADAR in HEK 293T WT is shown as ‘WT’. 

 

Figure 5.3 shows that for editing of 293T total RNA by ADAR proteins in vitro, there is more 

variation in the 5’ neighbor between proteins than there is for the 3’ neighbor and, like the in vitro 

assay using the 50bp substrate, the different ADAR constructs do show distinct patterns of editing. 

The 3’ neighbor consistently has ~40-50% 3’G, low frequency of 3’U and variable 3’A and 3’C. 

The ADAR2-deaminase has the most similar profile to endogenous editing in WT 293T cells, while 

ADAR1-p150 and ADAR1-deaminase are the least similar, with no observed 3’U at any editing 

site.  

For the 5’ neighbor, all samples have low frequency of 5’G, as seen previously for the in vitro 

editing specificity of the proteins, and somewhat equal frequencies of 5’A, 5’U and 5’C. Again, 

the least similar samples are ADAR1-p150, with higher 5’C frequency and lower 5’U, and 
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ADAR1-deaminase, with lower 5’C and higher 5’A than the other ADAR constructs. It still needs 

to be seen if these patterns will be consistent when a higher level of editing is achieved, using 

higher concentrations of ADAR proteins and RNA. 

Comparing in vitro editing frequencies from 293T to synthetic 50bp dsRNA 

For each ADAR construct tested, we now have well characterized 5’ and 3’ neighbor preferences 

against a 50bp dsRNA and initial preferences against total RNA from 293T cells. An example of 

how the editing preferences of each ADAR construct can be compared is shown in figure 5.4, with 

comparisons of both 5’ neighbor and 3’ neighbor between samples ‘in vitro’ (the 50bp dsRNA) 

and ‘293T’ (total RNA from HEK 293T). As the 293T samples are preliminary, no in-depth 

analysis of differences can be performed until further samples are generated with higher levels of 

editing achieved. Even with a much lower overall number of editing events identified, and much 

more editing in Alus versus nonAlus compared to WT, the neighbor frequencies observed are not 

that different to the in vitro determined frequencies. 

Future developments for complex RNA editing assay 

Having observed that editing events can be identified in RNAseq libraries generated from 293T or 

reoT1L RNA, the next step is to concentrate the reoT1L and 293T RNA 20-fold, to be able to 

incubate protein and RNA using the same conditions used for the 50bp substrate: 100nM : 100nM. 

For the reoT1L substrate, a sequencing analysis pipeline has been developed to identify individual 

editing events marked by UMIs, enabling editing efficiency at each adenosine to be measured. 

Generating libraries with higher levels of editing, the total count of editing for each triplet can be 

calculated and the relative editing frequency for substrates 1200-4000bp can be compared to the 

previously determined frequencies for a substrate of 50bp.  
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Figure 5.4. 5’ and 3’ neighbor frequencies for editing sites in 293T RNA (‘293T’) and in synthetic 

50bp dsRNA (‘in vitro’), following incubation of each RNA substrate in vitro with purified proteins 

ADAR1-p150 (a), ADAR1-p110 (b), ADAR2 (c), ADAR1-deaminase (d),  and ADAR2-

deaminase (e). 
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Specifically, editing of reoT1L can be compared to the short substrate to observe if the frequency 

of editing for the full-length ADAR1-p110 and ADAR2 change in relation to the deaminase 

constructs, to determine if dsRBDs are playing more of a role in substrate selection with a longer 

substrate. Following the observation using the 50bp substrate that ADAR1-p110 increases AAG 

editing and ADAR2 increases CAG editing, the increase or decrease of editing of these sites can 

be observed over the many adenosines present in the reoT1L genome segments. 

For the HEK 293T substrate RNA, generating samples with increased levels of editing can 

similarly be used to observe relative editing frequency of the adenosine-containing triplets, and 

compare the patterns to the shorter 50bp substrate. Further to this, once editing sites have been 

identified in 293T transcripts, the RNA secondary structures can be surveyed to determine if 

patterns emerge for site selection by ADAR1-p110, ADAR2 and the two deaminases. Comparisons 

of editing of specific RNA secondary structures can then be made to work by Thomas and Beal 

(2017) and Wang et al. (2018), which found that ADAR2-deaminase favors perfect dsRNA 5’ of 

the site and/or a loop immediately downstream, ADAR1-p110 and ADAR1-deaminase favor a 

hairpin or loop 3-6bp 5’ of the editing site, and ADAR2 favors sites with 2-3 mismatches at least 

10bp downstream of the site. 
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Concluding remarks 

Characterising the editing specificity of ADAR proteins using simple or complex substrates, or 

using editome data, will produce different patterns of behavior. 

Identification of editing sites in editomes takes into account the sites that ADARs target in vivo, 

with complex RNA structures and adenosine-containing triplets of different abundances. This 

provides information on how ADARs are functioning in cells and, combined with work identifying 

the specific RNA structures that ADARs target, the endogenous behavior of ADAR proteins can 

be characterized. 

The inherent editing specificity of the ADAR proteins in the absence of complicated structures or 

sequences is characterized in this thesis. The activity of each ADAR protein, and selection of 

substrates at the protein:RNA interacting level, is one component of the selection described above 

for complex pools of RNA. 

Characterising ADAR deaminases in vitro found that ADAR1-deaminase skews slightly to 

favoring 5’A while ADAR2-deaminase skews to 5’U, and this difference could be due to the 

interaction between the orphan-base binding loop of each protein with the RNA substrate. The 

ADAR1-deaminase loop does not appear to interact as strongly with the substrate, and so would 

require the duplex RNA to be less stable so that the targeted adenosine can be flipped out of the 

structure. A 5’A would not form cross-stacking interactions, while a 5’U would, and so ADAR1-

deaminase may favor 5’A as it forms a less stable editing substrate. 
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The characterization of the full-length ADAR proteins ADAR-p110 and ADAR2 found that the 

when compared to the patterns of editing by the deaminases, UAG was favored by the deaminases 

over the full-length proteins, AAG editing increased for ADAR1-p110 relative to its deaminase 

and decreased for ADAR2, and CAG showed the opposite phenotype: increased editing by 

ADAR2 and decreased editing by ADAR1-p110. This indicates that the dsRBDs are playing a role 

in increasing selectivity of specific sites, with ADAR1-p110 skewing to AAG and ADAR2 

skewing to CAG.  

Characterization of ADAR1-p150 found that, on a substrate of this length, there was no significant 

difference in editing to ADAR1-p110. To be able to better characterize the role of the dsRBDs in 

substrate selectivity, longer and more complex substrates are required. 

Initial tests of 293T and reoT1L RNA demonstrated that editing events can be identified and, in 

the case of reoT1L, individual editing events can be counted by incorporation of UMIs during 

library generation. Once the assay conditions have been improved – increasing protein and 

substrate concentrations to generate more editing events – the reoT1L can be used to characterize 

relative editing frequencies, to be compared to those frequencies determined for the 50bp substrate. 

Identification of editing sites in 293T RNA will hopefully identify RNA secondary structures 

where editing is occurring, and if the ADAR1 and ADAR2 proteins are targeting different 

structures. Comparisons to the deaminase-domain constructs will further investigate the role of 

dsRBDs in selectivity of editing sites. 
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The inactivity of the ADAR3-deaminase was also probed, with the deaminase confirmed to lack 

catalytic activity and the point mutant A389V found to rescue activity. Interestingly, although 

ADAR3 is more similar by sequence to ADAR2, the editing pattern was more similar to ADAR1.  

Characterising the editing specificity of deaminase domains can help inform protein engineering 

for site-directed RNA editing, which is currently progressing in two styles: editing by endogenous 

protein targeted to the chosen site with guide RNAs and use of exogenous ADAR proteins with 

guide RNAs. Use of exogenous ADAR has the potential to involve engineering of ADAR 

deaminases with improved specificity of editing against specific sites, such as the difficult-to-edit 

5’C, 5’G and 3’U. Observing that the rescued ADAR3 mutant behaves more like ADAR1 than 

ADAR2 implies that something in the structure of that domain is determining editing specificity, 

which could be the 5’ RNA binding loop. Further investigations into residues important for 

selecting adenosines for editing is required to be able to generate ADAR proteins with more 

variation in editing specificity. 
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