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Abstract Adenosine deaminases acting on RNA (ADARs) catalyze adenosine to
inosine editing within double-stranded RNA (dsRNA) substrates. Inosine is read
as a guanine by most cellular processes and therefore these changes create codons
for a different amino acid, stop codons or even a new splice-site allowing protein
diversity generated from a single gene. We are reviewing here the current struc-
tural and molecular knowledge on RNA editing by the ADAR family of protein.
We focus especially on two types of nucleic acid binding domains present in
ADARs, namely the double-stranded RNA and Z-DNA binding domains.
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1 Introduction

The published sequence of the human, mouse and rat genomes (Venter et al. 2001;
Baltimore 2001) revealed a surprisingly small number of genes, estimated to be
around 26,000. Such a small number cannot fully account for the expected mo-
lecular complexity of these species and it is now well appreciated that such a
complexity is likely to come from the multitude of protein variants created by al-
ternative-splicing and editing of pre-mRNA (Graveley 2001; Pullirsch and Jantsch
2010). For example, the sole paralytic gene (a Drosophila sodium channel) can
generate up to one million mRNA isoforms by combining its 13 alternative exons
and its 11 known RNA editing sites (Hanrahan et al. 2000). Moreover, alterna-
tively spliced and edited mRNAs are particularly abundant in the neurons. The
finely regulated population of the different isoforms of most neurotransmitter re-
ceptors, ion channels, neuronal cell-surface receptors and adhesion molecules en-
sure proper brain function. Any imbalance of the gene expression can impair neu-
rological functions and lead to severe diseases such as brain cancer, schizophrenia
or neuromuscular and neurodegenerative syndromes (Maas et al. 2006).

RNA editing is a postranscriptional modification of pre-mRNA (Gott and
Emeson 2000). Editing occurs via insertion or deletion of poly-U sequence (seen
in Trypanosome mitochondria (Benne et al. 1986)), or via a single base conversion
by deamination, cytidine to uridine (C—U) or adenosine to inosine (A—I) (seen
from protozoa to man) (Gott and Emeson 2000). These changes can create a codon
for a different amino acid, a stop codon or even a new splice-site allowing protein
diversity to be created from a single gene (Gott and Emeson 2000; Keegan et al.
2001; Bass 2002). A—I editing occurs by hydrolytic deamination of the adenine
base (Fig. 1a). Because inosine base-pairs with cytidine (Fig. 1b), inosine is read
as a guanine by most cellular processes. RNA editing by adenosine deamination is
catalyzed by members of an enzyme family known as adenosine deaminases that
act on RNA (ADAR) (Bass et al. 1997).

We are reviewing here the current structural and molecular knowledge of RNA
editing by the ADAR family of proteins. More comprehensive reviews on ADAR
functions are available elsewhere (Gott and Emeson 2000; Keegan et al. 2001;
Bass 2002; Wulff and Nishikura 2010; Nishikura 2010). We are focusing here on
the structures of RNA substrates and how these structures are recognized by the
double-stranded RNA binding domains (dsRBDs also refer to as dsRBMs for
double-stranded RNA binding motifs) present in the ADAR family of protein. We
are also reviewing the current structural knowledge on another type of nucleic acid
binding domain present in ADARs, namely the Z-DNA binding domains.

2  ADAR Family Members and Their Domain Organization

ADAR proteins were first discovered in Xenopus laevis (Rebagliati and Melton
1987; Bass and Weintraub 1987, 1988) and have now been characterized in nearly
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all metazoa from worm to man (Tonkin et al. 2002; Palladino et al. 2000; Slavov
et al. 2000; Herbert et al. 1995; Melcher et al. 1996b; O'Connell et al. 1995; Kim
et al. 1994; Palavicini et al. 2009), but not in plants, yeast, or fungi. In vertebrates,
two functional enzymes (ADARI1 and ADAR?2) and one inactive enzyme (ADAR3
(Melcher et al. 1996a; Chen et al. 2000)) have been characterized. ADAR3 most
likely originated from ADAR? to which it is most similar in sequence and domain
organization (Fig. 2a). In C. elegans, two active ADARs (CeADARI and
CeADAR2) have been found whereas in D. melanogaster, a single ADAR2-like
protein (dADAR) was found (Fig. 2a).

ADARs from all organisms have a common modular domain organization that
includes from one to three copies of a dSRNA binding domain (dsRBD) in their N-
terminal region followed by a C-terminal adenosine deaminase catalytic domain
(Fig. 2a). For detailed information regarding the structure and the catalytic activity
of the C-terminal domain, please refer to the chapter by Beal and coworkers.

In addition to this common feature, ADARI exhibit Z-DNA binding domains
in its most N-terminal part, Zo. and Zf3 (Herbert et al. 1997). This renders it unique
among the members of ADAR protein family (Fig. 2a). Actually, ADARI is ex-
pressed in two isoforms: the interferon-inducible ADARI1-i (inducible; 150 kDa)
and the constitutively expressed ADAR1-c (constitutive; 110 kDa) which is initi-
ated from a downstream methionine as the result of alternative splicing and skip-
ping of the exon containing the upstream methionine (Patterson and Samuel 1995;
Patterson et al. 1995; Kawakubo and Samuel 2000). As a consequence, the short-
version of ADARI lacks the N-terminal Z-DNA binding domain (Fig. 2a). It is
important to notice that only Za but not Zf has the ability to bind Z-DNA, the
left-handed form of DNA (Athanasiadis et al. 2005).

ADARI and ADAR?2 are expressed in human in most tissues and function as
homodimers (Cho et al. 2003). In contrast, ADAR3 expresses only in the central
nervous system and does not dimerize (Chen et al. 2000) which could explain its
inactivity. Moreover, ADAR3 acts as a repressor of ADARI and ADAR?2 activity,
most probably by sequestering their potential substrates without editing them
(Chen et al. 2000). ADAR3 contains also an arginine-rich RNA binding domain
(R-domain) in its N-terminal region. It has been shown to be responsible for the
binding of ADAR3 to single-stranded RNA (Chen et al. 2000). However, there is
no structure of this domain in complex with ssSRNA that would reveal the molecu-
lar basis of RNA recognition. Interestingly, a recent study showed that an R-
domain is also present in a minor splicing variant of ADAR2 (Maas and
Gommans 2009).

After the presentation of ADARSs editing substrates, the structure and function
of the Z-DNA binding domains and the dsSRNA binding domains of ADAR will be
described in the remaining sections.
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3 RNA Editing Substrate

3.1 Specificity of Editing

Adenosine deaminases that act on RNA (ADARs) convert adenosine to inosine
in cellular and viral RNA transcripts containing either perfect or imperfect regions
of double-stranded RNA (dsRNA) (Gott and Emeson 2000; Bass 2002; Nishikura
2010). A—I modification is nonspecific within perfect dsSRNA substrates, deami-
nating up to 50 % of the adenosine residues (Polson and Bass 1994; Nishikura et
al. 1991). The nonspecific reaction occurs as long as the double-stranded architec-
ture of the RNA substrate is maintained since ADARs unwind dsRNA by chang-
ing A-U base-pairs to I-U mismatches (Bass and Weintraub 1988; Wagner et al.
1989). Such modifications can modulate gene silencing triggered by intramolecu-
lar structures in mRNA (Tonkin and Bass 2003), nuclear retention of RNA tran-
scripts (Zhang and Carmichael 2001), or antiviral responses by extensive modifi-
cation of viral transcripts (Wong et al. 1991). The majority of nonselective editing
occurs in untranslated regions (UTRs) and introns where large regular duplexes
are formed between inverted repeats of Alu and LINE (Long Interspersed Nucleo-
tides Element in primates) or SINE domains (Small Interspersed Nucleotides Ele-
ments found in mouse) (Levanon et al. 2004; Athanasiadis et al. 2004; Osenberg
et al. 2010). It is estimated that this constitutes about 15,000 editing events in
about 2000 human genes. The biological function of this major A—I editing event
is not fully understood yet (Hundley and Bass 2010).

A—T editing can also be highly specific within imperfect dSRNA regions in
modifying a single or limited set of adenosine residues (Gott and Emeson 2000;
Bass 2002). Selective editing within pre-mRNAs has been shown to affect the
primary amino acid sequence of the resultant protein therefore producing multiple
isoforms from a single gene. For example, editing by ADARs produced function-
ally important isoforms of numerous proteins involved in synaptic neurotransmis-
sion, including ligand and voltage-gated ion channels and G-protein coupled re-
ceptors. The pre-mRNA encoding the B-subunit of the a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) subtype of glutamate receptor (GluR-
B) is probably the most extensively studied mRNA editing substrate (Seeburg et
al. 1998). It is edited at multiple sites and one of these locations is the R/G site,
where a genomically-encoded AGA is modified to IGA, resulting in an arginine-
to-glycine change (the ribosome interprets I as G due to its similar base-pairing
properties — Fig. 1b). The R/G site of the GluR-B pre-mRNA is often used as a
model system for A—I editing studies as it forms a small and well conserved 70
nucleotide stem-loop containing three mismatches (Aruscavage and Bass 2000),
referred to as the R/G stem-loop (Fig. 3).

More recently, specific editing of many pri-miRNAs, pre-miRNA and miRNAs
have been discovered suggesting a crosstalk between the RNA editing and RNA
interference machineries (Nishikura 2006; Ohman 2007). MicroRNA editing can
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regulate miRNA expression by affecting pri-microRNA and pre-miRNA process-
ing (Kawahara et al. 2008; Kawahara et al. 2007a; Heale et al. 2009). MiRNA ed-
iting can also affect gene targeting when the seed sequence of the miRNA is ed-
ited. This later editing event allows an extension of the number of genes targeted
by the miRNAs (Kawahara et al. 2007b). Examples of editing site in miRNA are
shown in Figure 3. For comprehensive informations on the modulation of micro-
RNA function by ADAR please refer to the chapter by Nishikura and coworkers.

3.2 What Makes a Good Editing Site?

What characterizes a specific A—I RNA editing site is a major and longstanding
question in the field. It is clear that the targeted adenosine has to be embedded in
an RNA stem, and that both the sequence around the adenine and the secondary
structure elements present in the RNA stem will have a major impact on the effi-
ciency and the selectivity of editing. The terms preferences and selectivity are
used to describe the properties that enable ADAR proteins to modify a specific
adenosine among others (Polson and Bass 1994).

3.2.1 Preferences

Even though ADAR dsRBDs are thought to bind unspecifically to any dsRNA,
ADARs have small sequence preferences for deaminating particular adenosines
among others. Detailed inspection of the editing ability of ADARI and ADAR2
on the GluR-B R/G and Q/R sites revealed that these enzymes have overlapping
but distinct preferences (Lai et al. 1997; Melcher et al. 1996b; Gerber et al. 1997;
Maas et al. 1996). Xenopus and human ADARI have a similar preference for A =
U > C > G at the 5’ of the edited adenosine (Polson and Bass 1994; Lehmann and
Bass 2000). Human ADAR2 has also a similar but distinct preference for the 5’
neighbor of the edited adenosine (U = A > C = G) (Lehmann and Bass 2000). In
addition, human ADAR?2 has also a 3’ neighbor preference (G = U > C = A)
(Lehmann and Bass 2000). These initial preference rules were further confirmed
and optimized in subsequently discovered targets (Kawahara et al. 2008;
Riedmann et al. 2008; Li et al. 2009; Wulff et al. 2011). Chimeric ADARs con-
taining the dsSRBDs of ADAR2 and the catalytic domain of ADARI and vice
versa suggested that the nearest-neighbour preferences come from the deaminase
domain (Wong et al. 2001) but recent structures suggest that dsSRBDs could also
play a role (Stefl et al. 2010). The nucleotide base-pairing with the target adeno-
sine can also drastically influence editing with a preference for a cytidine (forming
a AC mismatch which is then converted to a matching I-C pair, like in the GluR-B
R/G site, Fig. 3) (Levanon et al. 2004; Athanasiadis et al. 2004; Riedmann et al.
2008; Blow et al. 2004; Wong et al. 2001) over a uridine (like in the GluR-B Q/R
site, Fig. 3). Purines are not favored and a guanosine in some case can severely
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impaired editing (Wong et al. 2001; Kallman et al. 2003; Ohlson et al. 2007). This
discrimination between various pairing partners is also determined by the catalytic
domain rather than the dsRBDs (Wong et al. 2001).

3.2.2  Selectivity

Obviously, the slight preferences for the identity of neighbouring nucleotides can-
not explain the acute specificity observed in some ADAR substrates, like in the
GluR-B R/G or Q/R sites, where adenines in good sequence context (as defined by
5’ and 3’ neighbour and pairing partner preferences) remain not edited. The prop-
erty of having adenines in good sequence context that remain not edited defines
the concept of selectivity. Ultimately, this can result in having a few and even a
single edited adenine in an entire dSRNA structure, which one describes as speci-
ficity. One can easily notice that sites of highly specific editing events are never
long and perfectly base-paired dsRNA (Fig. 3). The presence of secondary struc-
ture elements like terminal loops, internal loops, bulges and mismatches is very
frequent in such substrate. These secondary structured elements are highly con-
served during evolution (Aruscavage and Bass 2000; Dawson et al. 2004; Reenan
2005) indicating that the RNA structure is important for the specificity of editing
(Aruscavage and Bass 2000; Dawson et al. 2004; Reenan 2005; Ohman et al.
2000; Lehmann and Bass 1999). For example, the presence of internal loops has
been shown to increase the selectivity of editing by uncoupling and decreasing the
effective length of individual helices which then reduces to a minimum the many
ways of binding of ADAR to these substrates (Ohman et al. 2000). However,
RNA sequences around highly specific editing sites are also particularly conserved
(Aruscavage and Bass 2000; Niswender et al. 1998), and this cannot be explained
if only secondary structured elements would define the selectivity of editing.
Thus, both the structure and the sequence of the RNA editing site determine the
selectivity of editing by ADAR. In contrast to their preferences, ADARs selectiv-
ity comes most probably from the binding selectivity of their dsRBDs.

3.3 Structures of Editing Substrates

Structural information on A—I RNA editing substrates has been limited so far to
the GluR-B R/G site. The GIuR-B R/G site is embedded within a 71 nt RNA stem-
loop containing three base-pair mismatches and capped with a GCUAA pentaloop.
The solution structure of the long human R/G stem-loop has been determined in
two fragments by solution NMR.

In the first structure, the apical part of the stem-loop containing the
GCU(A/C)A pentaloop has revealed a rigid pentaloop fold, novel for this time
(Stefl and Allain 2005). The fold is stabilized by a complex interplay of hydrogen-
bonds and stacking interactions (Fig. 3b). The structure of the GCUAA pentaloop
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explains well the phylogenetic conservation of GCUMA (where M is A/C)
(Aruscavage and Bass 2000). The UNCG tetraloops (Cheong et al. 1990; Allain
and Varani 1995; Ennifar et al. 2000) and the GCUAA pentaloop are structurally
similar. This is particularly interesting considering that the pre-mRNA encoding
the R/G site of subunit C of the glutamate receptor that is also specifically edited
by ADAR?2 has a UCCR tetraloop (Aruscavage and Bass 2000). When the size of
the GCUAA pentaloop is changed or the loop is deleted, the level of editing is re-
duced (Stefl et al. 2006) indicating that this structural element plays an important
role in the recognition processes of ADAR2. The role of the loop was subse-
quently confirmed by using a high throughput method (Pokharel and Beal 2006).

In the second structure, the RNA helix surrounding the editing site that contains
two A-C mismatches has revealed an unexpected regular A-form helix (Fig. 3c¢)
(Stefl et al. 2010). Indeed, adenine C2 chemical shifts (a sensitive probe to moni-
tor the protonation of adenine N1) have shown that these two adenines involved in
A-C mismatches were protonated at pH below 7.0 and were thus forming a so-
called A*eC wobble base pair similar in its hydrogen bonding pattern to a GeU
wobble base pair (Fig. 3d). Thus A*sC wobble base pairs generate only little de-
formation of the helical properties of the stem.

Overall, these structures together with the chemical-shift analysis of the 71 nt
R/G site (Stefl et al. 2006; Stefl et al. 2010) revealed a rigid RNA stem-loop
throughout the sequence. Indeed, the terminal loop is structured (Stefl and Allain
2005) and the three mismatches in the stem (two AC and one GG; Fig. 3) are
forming non Watson-Crick pairs leading to rigid and rather regular RNA helix
(Stefl et al. 2006; Stefl et al. 2010). This is particularly interesting in the context of
the selectivity of editing, since it is largely believed that mismatches contribute to
the ADAR selectivity. Even if a A*eC wobble base pair might be more deformable
than a regular A-U pair, it seems unlikely that the sole shape recognition of such
mismatches could allow the editing of the R/G site to be selective.

4 ADAR Z-DNA Binding Domains

In the late 1970s, the first atomic resolution structure of DNA, solved by X-ray
crystallography was surprisingly different from the expected right-handed B-form
helix (Wang et al. 1979). This structure indeed showed a left-handed double helix
in which the bases alternate in anti- and syn-conformations along one strand. As a
consequence, there was a zigzag arrangement of the backbone of the molecule.
This property gave its name to the Z-DNA conformation observed in this crystal
(Wang et al. 1979). During fifteen years, many people felt that Z-DNA was a non-
functional conformation of DNA, and as a consequence its study rapidly declined
(Rich and Zhang 2003). However, the discovery in 1995 of a protein binding spe-
cifically and tightly to Z-DNA (Herbert et al. 1995), and two years later the isola-
tion of a small domain responsible for this activity (Herbert et al. 1997), brought
back Z-DNA in the limelight. The first Z-DNA binding property was discovered
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in the vertebrate ADARI protein. And so far, even if other proteins have been
shown to bind Z-DNA, ADARI stays the best-characterized member of the Z-
DNA binding protein family. ADARI has two related Z-DNA binding domains
named Za and Zf (Fig. 2), the latter one having no binding capacity for Z-DNA.
In this section we review the structural knowledge on ADAR1 Z-DNA binding
domains and especially on the binding of Za. to Z-DNA.

4.1 Z-DNA Binding Domain: Structure and Substrate
Recognition

The first structural information on Z-DNA binding domains and the molecular ba-
sis of the recognition of Z-DNA were revealed together by the crystal structure of
the human Za domain of ADARI1 complexed to DNA (Schwartz et al. 1999b).
The Zo domain has a compact o/f} fold containing a three-helix bundle (al to a3)
flanked on one side by a twisted antiparallel 3-sheet (f1 to $3) with a afaafp to-
pology (Fig. 4). This arrangement of three a-helices and f3-strands is known as the
helix-turn-helix f-sheet fold (or o+fHTH fold). This fold differs from the related
helix-turn-helix (HTH) fold in the fact that it has an additional C-terminal 3-sheet
packed against the core formed by the a-helices. The interaction of HTH proteins
with right-handed B-DNA has been well characterized (Harrison and Aggarwal
1990). The mode of interaction of Za. with Z-DNA has noticeable differences aris-
ing from the differences between Z- and B-DNA (Schwartz et al. 1999b). The
bound DNA duplex shows a left-handed helix structure with the typical zigzag
backbone conformation of the Z-DNA (Fig. 4a). The Za. domain makes contact to
only one strand of the DNA molecule in a single continuous recognition surface
formed by helix a3 and the C-terminal B-hairpin (Fig. 4a,c). Interestingly, this
surface is complementary to the DNA backbone in terms of shape and electrostatic
properties. Indeed, all the polar interactions involve direct or water-mediated con-
tacts to the sugar-phosphate backbone of the DNA. This implies that the interac-
tion between Zo and Z-DNA is conformation or shape specific rather than se-
quence specific. This was further confirmed by recent structures of Zo bound to
other DNA molecules of various sequences (Ha et al. 2009). These structures
showed almost identical structures regardless of the sequence, confirming that the
mode of binding of Za to Z-DNA is a well conserved shape-specific mode of
binding.

4.2 A Role for ADARI Za Domain?

Although the biological role of Z-DNA binding by Za. has not been clearly de-
fined yet, one possible function might be to direct ADARI at actively transcribing
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genes. Indeed, Z-DNA is stabilized by negative supercoiling (Peck et al. 1982)
which is formed transiently upstream of an active RNA polymerase (Liu and
Wang 1987). Localizing ADARI to the site of transcription would then allow it to
efficiently act upon the RNA prior to splicing.

A point particularly interesting in the context of RNA editing is that Za has
also the property to bind to Z-RNA (Brown et al. 2000). This type of domains is
thus also refers to as Z-DNA/Z-RNA binding domains. The structure of Zo. bound
to Z-RNA has revealed a well-conserved mode of interaction between Zo. and the
nucleic acid backbone of Z-DNA and Z-RNA (Placido et al. 2007). This property
of Za might thus help to target ADARI to specific sites that are prone to form Z-
RNA. For example, the formation of Z-RNA is favoured by alternative purine-
pyrimidine sequences, and especially guanosine and cytosine repeats (Herbert and
Rich 1999). Interestingly, it was shown that A—I editing by ADARI-i is substan-
tially increased in a dsRNA substrate containing such Z-forming purine-
pyrimidine repeats (Koeris et al. 2005). Moreover, such influence of Z-forming
sequences on the level of A—I editing was not observed in the case of ADAR2
which does not contain Z-DNA/Z-RNA binding domain. This suggests a direct
role of the Z-DNA/Z-RNA binding domain of ADARI-i in the enhanced editing
activity towards dsSRNA with Z-forming sequences. Moreover, editing reactions
conducted with ADAR1-i under short incubation time showed a clear positive cor-
relation between the proximity of the edited adenosine to the Z-forming sequence
and the number of editing event at those sites (Koeris et al. 2005). So, in contrast
to Z-DNA binding, Z-RNA binding by the Za. domain of ADARI1-i has a clear
biological role in the context of RNA editing, which is to target ADARI1-i to Z-
forming sequences within dSRNA substrates. Such Z-forming RNA structure can
be directly encoded in the RNA substrate, but Z-RNA can also be formed in the
trail of transcription of RNA viruses, and would allow ADARI to more efficiently
modify these RNA viruses. Indeed, ADAR1-i has been associated with RNA edit-
ing of a wide array of viral genomes (Cattaneo 1994; Horikami and Moyer 1995;
Polson et al. 1996; Taylor et al. 2005), and in certain cases depending on virus-
host combinations, displays an antiviral action (Samuel 2011).

The structures of Zo bound to Z-DNA and Z-RNA gave crucial understanding
of the molecular basis of the zigzag backbone recognition by a specific set of side
chains of Za. However, the mechanism by which Zo converts a right-handed
backbone structure (B-form DNA helix or A-form RNA helix) in a left-handed
one (B to Z transition or A to Z transition, respectively) has been investigated only
recently. The different possible mechanisms as well as the recent proposed model
will be discussed in the next section.

4.3 How Does a Z-DNA Binding Domain Bind to Z-DNA?

So far only the B to Z transition of DNA induced by the binding of ADARI Za
domain has been experimentally investigated. Two different mechanisms for such
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a B to Z transition can be imagined (Kim et al. 2000): (1) a passive mechanism, in
which Zo would bind to the small fraction of Z-DNA present in equilibrium with
B-DNA, and because of its high affinity for Z-DNA will then pull the equilibrium
towards the formation of Zo/Z-DNA complex; (2) an active mechanism, in which
Zo. would bind to B-DNA and will then actively convert it to Z-DNA.

The structure of the free Za. domain of ADAR1 has been determined in solu-
tion by NMR (Schade et al. 1999). The comparison of this structure with the one
of Za bound to Z-DNA (Schwartz et al. 1999b) has revealed that most Z-DNA
contacting residues are pre-positioned in the free Zo. domain to fit Z-DNA. Of the
nine Zo side chains contacting Z-DNA in the crystal structure, seven are well-
ordered and already pre-positioned in free Zo., which is thus pre-shaped to fit Z-
DNA. Moreover, structural comparison of Zo. with homologous proteins that bind
B-DNA suggested that binding of Zo to B-DNA is disfavoured by steric hin-
drance (Schade et al. 1999). Altogether, these strongly suggest that binding of Za
would follow a passive mechanism.

However, recent NMR studies monitoring hydrogen exchange rates of imino
protons have made possible the indirect observation of Za bound to B-DNA in the
pathway of binding in different DNA sequence context (Kang et al. 2009; Seo et
al. 2010). These studies would strongly tend to validate an active mechanism, but
the authors could nonetheless not clearly exclude a passive one to occur (Kang et
al. 2009). The elucidation of the binding mechanism of Za. to Z-DNA would thus
probably deserve further study. It would also be interesting to analyze similarly
the binding mechanism to Z-RNA.

4.4 ADARI ZB Domain: a Domain for Protein-Protein
Interaction?

Zp, the second Z-DNA binding domain of ADARI, is present in both the inter-
feron-induced ADARI-i and the constitutively expressed ADARI1-c (Fig. 2). In
contrast to Zo. domain, the Zf domain of ADARI does not interact with Z-DNA
(Schwartz et al. 1999a). Nevertheless, the Zf3 domain is highly conserved among
ADARTI1 which thus suggests that the two domains Zo. and Zf probably perform
different functions. The Zf structure has been solved by crystallography and con-
sists of four a-helices and a three-stranded (-sheet with a afoaoffa topology
(Fig. 4b,c) (Athanasiadis et al. 2005). This structure has revealed that Zf is closely
related in structure to Zow and belongs to the same a+fHTH family. However, Zf3
has an additional helix, helix a4 (Fig. 4b) and is also lacking several crucial resi-
dues important for Z-DNA binding (Fig. 4c). This latter point explains why Zf3
does not bind to Z-DNA. Interestingly there is no steric clash that would prevent
Zf to bind to Z-DNA, and the partial restoration of a Za. sequence in Zf} results in
weak Z-DNA binding (Kim et al. 2004). The mapping of Zf3 amino acid conserva-
tion has revealed a distinct conserved surface involved in metal binding and di-
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merization (Athanasiadis et al. 2005). However, since no biochemical data support
neither metal binding nor dimerization of Zf}, these properties observed in the
crystal might have been influenced by packing forces. Nonetheless, the dimeriza-
tion of ZP is an appealing model, considering that ADAR proteins have been
shown to be active as dimers (Cho et al. 2003; Gallo et al. 2003). For example, the
N-terminal part of dADAR has been shown to be involved in dimerization (Gallo
et al. 2003), but the site of dimerization for vertebrate ADARs remains to be es-
tablished.

5 ADAR dsRNA Binding Domains

ADAR dsRNA binding domains are essential components for ADAR activity,
since they are directly involved in dsRNA substrate recognition and binding.
However, the molecular basis explaining how domains largely thought to bind
dsRNA non-specifically are actually targeting very specific adenine positions in
certain substrate (like the GIuR-B R/G site — Fig. 3) have been a puzzling paradox
for many years. Recent structures of ADAR2 dsRBDs bound to a natural substrate
have given some critical insights into the sequence-specific recognition of ADAR
substrates.

5.1 Structural Characteristics of a dsRNA Binding Domain

The dsRBD is a ~65-75 amino acids domain found in eukaryotic, prokaryotic and
even viral proteins which have been shown to interact specifically with dsSRNA.
dsRBDs were first identified in Staufen, a protein responsible for mRNA localiza-
tion in Drosophila and PKR, a dsRNA dependent protein kinase (St Johnston et al.
1992; McCormack et al. 1992; Green and Mathews 1992). Since the early 1990s,
the list of dSRBD containing proteins has been growing and regroups proteins with
a large variety of function as development, RNA interference, RNA transport,
RNA processing and of course RNA editing (Fierro-Monti and Mathews 2000;
Saunders and Barber 2003; Chang and Ramos 2005; Stefl et al. 2005). The struc-
tures of various dsRBDs have been determined uncovering a mixed o/f§ fold with
a conserved afppoa topology in which the two a-helices are packed against the
three-stranded anti-parallel -sheet (Bycroft et al. 1995; Kharrat et al. 1995). In
addition, structures of dsRBDs have been determined in complex with dsRNA,
most of which with non-natural RNA duplexes (Ryter and Schultz 1998; Ramos et
al. 2000; Gan et al. 2006; Wu et al. 2004). These structures have suggested that
dsRBDs recognize A-form helix of dsRNA in a sequence-independent manner,
since the majority of dSRBD-RNA interaction involve direct contacts with the 2’-
hydroxyl groups of the ribose sugar rings and direct or water-mediated contacts
with non-bridging oxygen of the phosphodiester backbone and that a subclass of
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dsRBDs prefer stem-loop over A-form helices (Ramos et al. 2000; Wu et al.
2004). More recently, the structures of the two dsRBDs of ADAR2 in complex
with a natural dsSRNA substrate have been determined (Stefl et al. 2010), revealing
a sequence specific readout of the dSRNA minor groove. These structures will be
discussed in the following section.

5.2 Sequence Specific Recognition with dsRBD

Recently, the structures of human ADAR2 dsRBD1 and dsRBD2 have been de-
termined in complex with their respective RNA target on the GluR-B R/G site
RNA helix (Stefl et al. 2010). These structures have confirmed the conserved
mode of recognition of the A-form RNA helix (Ryter and Schultz 1998; Ramos et
al. 2000; Gan et al. 2006; Wu et al. 2004) in which helix al and $1-p2 loop inter-
act with the minor groove of the RNA helix at one turn of interval and in which
conserved positively charged residues in the N-terminal end of helix a2 interact
across the major groove with non-bridging oxygen of the phosphodiester back-
bone. Strikingly, a detailed inspection of the interaction regions revealed unex-
pected sequence-specific contacts of both dsSRBD to the RNA minor grooves.

The RNA major groove is deep and narrow, and as a consequence bases are in-
accessible to protein side chains. In contrast, the RNA minor groove is wide and
shallow (Saenger 1984) but stereochemical considerations have suggested that
discrimination of some base pairs would be difficult in the minor groove (Seeman
et al. 1976; Steitz 1990). Discrimination in the minor groove can mostly arise
from an appreciation of the group lying in the position 2 of purine rings, i.e. the
amino NH, group of a guanine which is a polar hydrogen bond donor, and the
aromatic H2 proton of an adenine which is non polar and small and can thus ac-
commodate hydrophobic side chains in its close vicinity whereas the amino group
of a guanine would lead to steric clashes (Fig. 5c,d).

Two sequence specific contacts at two consecutive RNA minor grooves enable
ADAR?2 dsRBDI1 to bind the GluR-B RNA upper stem-loop (USL) at a single reg-
ister (Stefl et al. 2010). These specific contacts are on one hand a hydrogen bond
to the amino group of G22 in the GG mismatch via the main chain carbonyl of
Vall04 in the $1-p2 loop and on the other hand a hydrophobic contact to the ade-
nine H2 of A32 via the side chain of Met84 in helix al (Fig. 5a). Similarly,
ADAR?2 dsRBD?2 recognizes the GluR-B RNA lower stem-loop via two sequence
specific contacts at two consecutive RNA minor grooves: a hydrogen bond to the
amino group of G9, located 3’ to the editing site, via the main chain carbonyl of
Ser258 in the B1-B2 loop and a hydrophobic contact to the adenine H2 of A18 via
the side chain of Met238 in helix a1 (Fig. 5b) (Stefl et al. 2010).

The importance of these contacts for the binding affinity of the dsSRBDs with
their respective RNA partner was further quantified in a solution binding assay
and in an in vitro editing assay (Stefl et al. 2010). In mutating any of the bases that
are recognized in a sequence-specific manner by the dsSRBDs, the binding affinity
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is reduced compared to the wild-type. Furthermore, when replacing the GG mis-
match or the two AC mismatches by Watson-Crick pairs that keep intact the spe-
cific contacts to the RNA, the binding affinity is less affected than when mutating
the specifically recognized bases. In addition, the editing activity of protein mu-
tants affected in the residues involved in sequence specific contacts (Met in helix
al and B1-p2 loop) is reduced to less than 30 % of the wild-type protein editing
activity. Altogether, this strongly supports the idea that the two dsRBDs of
ADAR? recognize primarily the sequence of the RNA helix rather than its shape.
These structures give the means to reconsider the common beliefs on dsRBDs,
and to propose that binding of certain dSRBDs might occur sequence specifically.

5.3 How dsRBDs Are Positioned on Substrate?

Structural studies on full-length ADAR proteins in complex with their RNA sub-
strates are essential for understanding the overall editing mechanism process. One
interesting point in the field is the requirement of dimerization of ADAR to be ac-
tive. In vitro studies have shown that editing activity of ADAR1 and ADAR2
(Cho et al. 2003) and of Drosophila dADAR (Gallo et al. 2003) needs dimeriza-
tion. Dimerization of ADAR1 and ADAR?2 have been confirmed in vivo by fluo-
rescence and bioluminescence resonance energy transfer studies (Chilibeck et al.
2006; Poulsen et al. 2006). A source of discussion in the field is to know whether
this dimerization is dependent on RNA binding (Cho et al. 2003; Gallo et al. 2003;
Poulsen et al. 2006; Valente and Nishikura 2007). There are no structural data
with a full length ADAR protein bound to a RNA substrate that would reveal the
molecular basis for this dimerization. Nevertheless, the structure of the N-terminal
domain of ADAR?2 consisting of both dsSRBDs have been solved by solution NMR
in complex with the GluR-B R/G site RNA (Stefl et al. 2010). In the structure, the
two dsRBDs bind one face of the RNA covering approximately 120 degrees of the
space around the RNA helix (Fig. 6a,b). This structure is then perfectly in accor-
dance with the dimerization model of ADARs, since an other ADAR molecule
could bind to the other face of the RNA helix without steric hindrance. Moreover
it is clear that in interacting with the guanosine 3’ to the edited adenosine (Fig.
6d), ADAR2 dsRBD2 brings the deaminase domain in close proximity to the edit-
ing site. When this precise positioning is impaired, specific editing of the GluR-B
R/G site is nearly abolished which underlines the functional importance of se-
quence-specific recognition of RNA by dsRBDs for A—I editing (Stefl et al.
2010). Even with these new insights, structural aspects of substrate recognition by
ADARs remain a source of questions in the editing field. For example, how the
targeted adenosine would be flipped out to reach the catalytic domain, and how af-
ter dimerization of ADARs the two catalytic domains would be positioned relative
to each other and to the dsRBDs, is of great interest and deserves further structural
studies.
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5.4 Are the Binding Sites of ADAR dsRBDs Predictable?

An attractive idea would be to transpose the structural knowledge of ADAR2
bound to the GluR-B R/G site to predict the mode of binding of ADAR2 on other
substrates. Even more challenging would be the prediction of other ADAR
dsRBDs on their respective substrates. The structures of ADAR2 dsRBDs bound
to the GluR-B R/G site have shown that the binding is achieve by a direct readout
of the RNA sequence in the minor groove of the dsSRNA substrate. The two
dsRBDs use helix al and the $1-B2 loop as molecular rulers to find their binding
register in the RNA minor groove (Fig. 5a,b). While dsRBD1 preferentially rec-
ognize G-X,-A (Fig. 6¢), dsSRBD2 binds the same sequence but with a different
register length: G-Xs-A (Fig. 6d). The length and the relative position of helix al
relative to the dsRBD fold appear to be the key structural elements that determine
the register length of these two dsRBDs (Stefl et al. 2010). Such binding sequence
and register for ADAR2 dsRBD2 are present on GluR-B Q/R site (Fig. 3a), but are
not always present on ADAR?2 substrates (Fig. 3a), and one can thus not exclude
that its dSRBDs would adopt a different mode of binding involving different side
chains in helix al when bound to different substrate. In addition, sequence align-
ment of diverse ADAR dsRBDs could serve to anticipate similarities and discrep-
ancies between dsRBDs regarding the preferred sequence and register of binding
(Fig. 2b). For instance, ADARI dsRBDs appears to have a longer helix al and
lack the ADAR2 equivalent of the methionine involved in the sequence specific
contacts (Fig. 2b and Fig. 5). These could explain why ADAR1 and ADAR?2 have
different substrate specificities (Bass 2002; Lehmann and Bass 2000). Further-
more, dADAR dsRBD?2 is very similar to ADAR2 dsRBD2, but whereas their he-
lix ol are extremely alike, the B1-B2 loop region is less conserved (Fig. 2b) and a
prediction on the sequence and register of binding for this dSRBD remains diffi-
cult. Generally, the binding specificities of dsRBDs of other members of the
ADAR family are still difficult to predict and would need more structural data in-
volving various dsRBDs.

6 dsRBDs and Z-DNA Binding Domains Act on the
Subcellular Localization of ADARs

Whereas ADARI1-i is mostly detected in the cytoplasm (Patterson and Samuel
1995; Poulsen et al. 2001; Desterro et al. 2003), ADARI-c localizes mainly in the
nucleus (Desterro et al. 2003; Sansam et al. 2003). ADARI-c is mostly located in
nucleoli but constantly shuttles between nucleoli and the nucleoplasm, where most
ADAR substrates are found (Sansam et al. 2003). A nuclear localization signal
(NLS) has been identified in the third dsSRBD of human ADAR1 (Eckmann et al.
2001; Strehblow et al. 2002; Poulsen et al. 2001). ADARI1-1 harbors also a nuclear
export signal (NES) within its most N-terminal Z-DNA binding domain (Zct)
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(Poulsen et al. 2001), and has the property to shuttle between the nucleus and the
cytoplasm (Eckmann et al. 2001; Poulsen et al. 2001). As most RNA viruses are
localizing in the cytoplasm, the unique cytoplasmic localization of ADARI1-i
among ADAR:s, gives additional support for an antiviral function of this protein
(George et al. 2011; Samuel 2011). Although lacking the Za. domain, ADAR1-c is
also shuttling between the nucleus and the cytoplasm. Transportin-1 is a nuclear
import factor for ADARI1, and dsRNA binding of the third dSRBD modulates its
interaction with transportin-1 and exportin-5 and thus regulate the nucleocyto-
plasmic properties of ADARI (Fritz et al. 2009).

ADAR?2 is localized exclusively in the nucleus, where similarly to ADAR1-c it
resides mostly in nucleoli, but shuttles constantly to reach the nucleoplasm where
ADAR substrates are located (Desterro et al. 2003; Sansam et al. 2003). Although
the dsRBDs are not involved in the nuclear localization of ADAR?2, they play a
crucial role for targeting ADAR?2 to the nucleolus, likely through their ability to
bind rRNA (Sansam et al. 2003; Xu et al. 2006). However, the biological signifi-
cation of the nucleolar localization of ADAR2 and ADARI1-c is largely unknown.

7  Concluding Remarks

During the last ten years, the ADAR family of protein has contributed to a great
extent to our general understanding of the molecular basis of nucleic acid recogni-
tion for both Z-DNA binding domains and dsRNA binding domains. However,
our current understanding of the molecular basis of substrate recognition by
ADARs is unfortunately still incomplete. More structures of ADARs substrates
alone and in complex with ADARs dsRBDs, would undoubtedly be of great value
for the understanding of substrates recognition. In addition, a structure of a full-
length ADAR protein revealing how the catalytically active dimer would assemble
on an RNA substrate would be fantastic and essential for understanding the overall
editing mechanism process. The relatively small amount of structural information
obtained to date is a consequence of the demanding biochemical properties of
ADAR proteins and also probably of the small number of groups in structural bi-
ology working on the editing field. However, pieces by pieces, we start having a
better view on substrate recognition by ADARs. Hopefully, in the near future,
more structural information would allow the prediction of ADARs mode of bind-
ing on RNA substrates with an increased confidence.
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Figure legends

Fig. 1 Deamination of adenosine to inosine by ADAR. a) Hydrolytic deamination converts
adenosine to inosine. b) Inosine base-pairs with cytidine and is thus read as a guanine by most
cellular processes.

Fig. 2 Domain organization of the ADAR family members. a) The ADAR family members are
represented with their domain structure organization. Three ADARs are found in vertebrates
(ADAR1—3). One ADAR is found in D. melanogaster (1AADAR) and two in C. elegans
(CeADAR1—2). ADARs have a conserved C-terminal deaminase domain (in yellow) and di-
verse numbers of dsRNA binding domains (in blue). In addition ADAR1 has one or two copies
of Z-DNA binding domains (in green). The long isoform of ADARI is interferon-inducible
(ADARI1-i) whereas the short isoform is constitutively expressed (ADARI1-c). ADAR3 has an
arginine-rich R domain (in red). b) Sequence alignment of dsRBDs from the ADAR family
members. The alignment is colored by amino acid conservation and properties. hADAR2
dsRBD1 secondary structure elements are shown on top of the alignment.

Fig. 3 Structures of various ADAR editing substrates. a) Secondary structure of ADAR editing
substrates: GluR-B R/G and Q/R sites, Drosophila sytl I/V site and pri-miR-376al. b) Structure
of the GluR-B GCUAA apical pentaloop (PDB code 1YSV). ¢) Structure of the RNA helix sur-
rounding the GIuR-B R/G site revealing two particular A++C wobble base-pairs (PDB code
21.2J). d) Hydrogen bond pattern in an A+eC wobble base-pair and comparison with a GeU wob-
ble base-pair.

Fig. 4 Structures of ADAR Z-DNA binding domains. a) Structure of the Zo. domain of ADAR1
in complex with Z-DNA (CG), showing contacts with the phosphate backbone via helix al and
beta hairpin B2-B3. b) Structure of the Zf domain of ADARI in its free state with a non-
functional Z-DNA binding surface and a potential protein/protein interaction surface. The addi-
tional helix a4 is shown in red. ¢) Sequence alignment of hADAR1 Za and Zf3 domains. The
alignment is colored by amino acid conservation and properties. Common secondary structure
elements are shown on top of the alignment. The position of the additional helix a4 is shown be-
low. Residues of Za involved in direct or water-mediated contacts with Z-DNA are reported
with black arrows. Some of these residues are not conserved in Zf3. Residue numbers correspond
to the one of Za.

Fig. 5 RNA recognition by ADAR2 dsRBDs through sequence specific readout of the minor
groove. a) Structure of ADAR2 dsRBD1 in complex with the GluR-B R/G upper stem-loop
(PDB code 2L3C). Overall structure (top) and close-up view of the minor groove sequence-
specific recognitions mediated by helix a1 and the $1-B2 loop (bottom). b) Structure of ADAR2
dsRBD2 in complex with the GluR-B R/G lower stem-loop (PDB code 2L.2K). Overall structure
(top) and close-up view of the minor groove sequence-specific recognitions mediated by helix
al and the B1-B2 loop (bottom). ¢) Chemical groups of an A-U pair lying in the major and minor
grooves. d) Chemical groups of a G-C pair lying in the major and minor grooves. Discrimination
in the minor groove relies on the appreciation of the group in position 2 of purine rings.
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Fig. 6 Spatial organization of the two dsRBDs of ADAR2 on the GluR-B R/G site. a) Side view
of the complex (PDB code 2L3J). b) Top view of the complex showing the portion of the space
covered by the two dsRBDs around the RNA helix. ¢) Schematic representation of the sequence
specific contacts defining the binding register of ADAR2 dsRBD1. d) Schematic representation
of the sequence specific contacts defining the binding register of ADAR2 dsRBD2.
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