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How do ADARs bind RNA? New protein-RNA structures
illuminate substrate recognition by the RNA editing ADARs

Justin M. Thomas and Peter A. Beal”
Department of Chemistry, University of California, Davis, CA, USA

Abstract

Deamination of adenosine in RNA to form inosine has wide ranging consequences on RNA
function including amino acid substitution to give proteins not encoded in the genome. What
determines which adenosines in an mMRNA are subject to this modification reaction? The answer
lies in an understanding of the mechanism and substrate recognition properties of adenosine
deaminases that act on RNA (ADARs). Our recent publication of x-ray crystal structures of the
human ADAR2 deaminase domain bound to RNA editing substrates shed considerable light on
how the catalytic domains of these enzymes bind RNA and promote adenosine deamination. Here
we review in detail the deaminase domain-RNA contact surfaces and present models of how full
length ADARSs, bearing double stranded RNA-binding domains (dsRBDs) and deaminase
domains, could process naturally occurring substrate RNAs.
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Introduction

Enzymatic reactions that change the structures of nucleosides in mRNA are now recognized
as common and essential for proper control of gene expression [1]. When these reactions
change the coding properties of the RNA, they are referred to as RNA editing [2]. The most
common form of RNA editing in metazoa is adenosine deamination. Deamination of
adenosine (A) yields inosine (I) which behaves as guanosine (G) in Watson-Crick base
pairing and during translation (Figure 1A, Figure 1B). The effects of A to | editing are
dependent on the location and sequence context of the edited A and may lead to diverse
consequences such as alternative splicing of pre-mRNA [3], altered processing of pri-
miRNA [4], altered target specificity of mature miRNA [5] and recoding in exons to
generate proteins that differ from their genetically encoded form [6]. In addition, the
presence of | in RNA has also been shown to alter RNA stability [7] and cellular localization
[8]. Furthermore, dysregulated A to | editing activity has been linked to several human
diseases [9] and known to be one of the causes of the inherited autoimmune disease Aicardi
Goutiéres Syndrome [10].
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A to | editing is carried out by a family of enzymes called ADARs (Adenosine Deaminases
Acting on RNA) (Figure 1C) [11]. In humans, the family comprises two active enzymes
(ADAR1 and ADAR?) and the catalytically inactive ADAR3. The proteins share a modular
domain structure with a C terminal deaminase domain and three (ADARL1) or two (ADAR2/
ADAR3) double stranded RNA binding domains (dsRBDs). ADARs appeared in the
common ancestor of metazoa [12] and although some organisms have incurred the loss of
either ADAR1 or ADAR2 [13], to our knowledge all metazoa have retained at least one
ADAR gene.

ADARSs are dsRNA-modifying enzymes, initially discovered for their ability to “unwind”
dsRNA [14]. Recent work has demonstrated the requirement for duplex RNA is not derived
solely from the dsRBDs [15]. ADARs have a preference for adenosines within a certain
local sequence context (e.g. 5'-UAG-3")[16, 17]. ADARs deaminate approximately 50% of
adenosines within long, perfectly matched duplex RNA but can be highly selective for
specific adenosines found within more complex secondary structures common in cellular
RNA [16]. In addition, most efficient editing occurs at adenosines found opposite C while
A-U pairs are also commonly edited [18]. A-A and A-G mismatches are poorly tolerated by
ADARs. Duplex RNA imperfections, such as mismatches, bulges, loops and hairpins in
many naturally occurring ADAR substrates play important roles in determining which
adenosines are efficiently edited [19].

Because ADARs are specific for adenosines within dsRNA, the edited nucleotide must be
flipped into an extrahelical conformation in order to reach the active site. Such “base-
flipping” mechanisms have been observed and characterized for DNA-modifying enzymes
such as methyltransferases [20] and repair glycosylases [21] but until recently no structural
information was available for enzymes that catalyze base-flipping in duplex RNA. Our
recent publication of X-ray crystal structures of human ADAR2 deaminase domain
(hADAR2d) bound to dsRNA provided an opportunity to understand ADAR’s flipping
mechanism and the structural basis for ADAR selectivity (Figure 2A) [22]. The crystal
structures captured a state with the reactive nucleotide, in the form of the adenosine analog
8-azanebularane (8AN), flipped out of the helix and into the zinc-containing deaminase
active site. The 8AN base exists as a covalent hydrate in the active site mimicking the high
energy intermediate of the A-to-1 deamination reaction (Figure 1A). Thus, the conformations
observed for both the RNA and protein near the active site in these structures are highly
likely to be representative of how ADAR?2 interacts with most substrates. Contacts more
distant from the active site may be missing for some substrates (see below). Structures of
deaminase domain-RNA complexes also provide information about the sites on substrate
RNAs that are accessible to dsRBDs. Using our structures, we can propose dsRBD binding
locations and consider how secondary structure at those locations may affect ADAR2’s
ability to bind and edit certain substrate RNAS.

The deaminase domain of ADAR2 contacts dsRNA over three main regions

The crystal structures of hADAR2d bound to RNA reveal a domain well suited for binding
to duplex RNA [22]. Outside the active site there are three main regions of protein-RNA
contact (Figure 2A, 2B). These extend across approximately 20 bp of dSRNA along one face
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of the double helix involving interactions with the minor groove near the edited A and the
two adjacent major grooves. Below we provide an overview of these hADAR2d-RNA
contacts outside the active site. For a detailed discussion of contacts made to the edited
nucleotide, please see Matthews et al., 2016 [22].

Region 1, minor groove at editing site

Close to the active site, the side chain of the helix intercalating Q488 residue (E488 in wild
type) accepts a hydrogen bond from the 2”-hydroxyl group of the ribose at the —1 position
(5") of the edited strand (Figure 2C). The backbone amide nitrogen and side chain oxygen of
S486 hydrogen bond with the 2”- hydroxyl of the +1 and +2 positions (3”), respectively.
With the contact to the 2”- hydroxyl of the edited base in the active site by T375 (not
shown), these interactions define a region of four consecutive 2" hydroxyls contacted on the
edited strand. The backbone carbonyl oxygen of S486 hydrogen bonds to the 2-amino group
of the 3" guanosine (+1 position), an interaction which has been shown to play an important
role in determining ADAR2’s preference for a3’ guanosine nearest neighbor [22]. The side
chain of T375 H-bonds with the phosphate between the edited base and the +1 position. The
contacts to the edited strand serve to position this strand in a cleft containing the active site
and stabilize the conformation of the backbone necessary for the edited adenosine to reach
the catalytic center. The close approach of residues 486—491 to the minor groove allow/
promote the base flipping step of the deamination mechanism. Interactions of this loop
explain ADARs preference for editing at adenosines with a5 U or A [22]. The deep
penetration of this loop into the RNA minor groove results in a significant distortion of the
RNA backbone on the complementary strand. This distortion is stabilized by contacts at the
5" phosphates of position -1, =2 and -3 via H-bond or salt bridges from the side chains of
R510, S495 and R481 respectively. Finally, the backbone carbonyl oxygens of T490 and
1456 H-bond with the 2”- hydroxyl groups of the -2 and -3 positions of the complementary
strand. (Figure 2A, yellow; Figure 2C). The interactions in region 1 are likely to be critical
for efficient deamination of most substrates.

Region 2, major groove 3’ to editing site

A major groove interacting element (Figure 2A, cyan; Figure 2D) composed of two loops
bearing residues R348 and K594 binds the charged backbone of the +6 and +7 bases of the
complementary strand 3" of the edit site. The positively charged side chain of K594 inserts
into the major groove. Adjacent to the active site the side chain of K375 extends to contact
phosphates of the edited strand on the +1 and +2 bases. Together with the 5" binding loop
(see below) this region defines the 20 bp region of RNA where a stable dsRNA helix is
required for optimal interaction with the deaminase domain of ADAR2. In a recent
publication, the effect of progressively shortening the 3" stem of a well characterized ADAR
substrate RNA was examined in vitro [23]. Editing was not significantly affected by
truncations that retained at least 8 bp of duplex 3" of the editing site. Reduction of the stem
length to 6 bp resulted in an approximately 50% loss of activity while a substrate with a 4 bp
stem retained less than 5% of the activity observed for the wild type RNA. Using the
structures of ADAR2d this pattern of activity can be interpreted. Eight base pairs of dSRNA
3 of the edit site should allow full contact with region 2 of the ADAR2 deaminase domain
while a stem of 6 bp would partially disrupt the contacts across the 3" major groove. A stem

Bioessays. Author manuscript; available in PMC 2018 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Thomas and Beal Page 4

of only 4 bp would not support contact by either R348 or K594. Mutation of either R348 or
K594 to alanine has also been shown to significantly reduce activity of hADAR2d [22].
Taken together these results reinforce the importance of region 2 to ADAR?2 activity.

Region 3, major groove 5’ to editing site

A second major groove interacting loop binds 5" to the editing site (Figure 2A, green;
Figure 2E). It forms hydrogen bonds and salt bridge interactions with the negatively charged
phosphodiester backbone of both strands spanning the major groove from -4 to —11 base
pairs 5” to the editing site. This loop, which consists of residues 454 through 479 in
hADAR2, contains seven basic residues and is highly conserved in ADAR2 homologs across
a wide range of species including mammals, insects, mollusks, fish, and reptiles [22]. The
high degree of conservation suggests an important role for this loop in substrate binding and
recognition for ADAR2. In our different hADAR2d-RNA structures, the backbone
conformations for this loop are highly similar between R470 and Q479. Differences in
protein-RNA contacts seem to be derived from slight differences in RNA positioning. In the
hGLI1 RNA containing structure (5ED2), side chains of R470, R474 and R477 contact the
phosphates of the complementary strand from the —6 to —4 base pairs (Figure 2C). The
edited strand phosphates are bound by the side chain and backbone amide of K475 at the -9
and —10 position, respectively and the side chain of H471 contacts the phosphate of the -11
position (Figure 2C). The importance of region 3 residues on ADAR activity was recently
examined by a combination of saturation mutagenesis and functional screening [24]. A
saturation mutagenesis library of residues 454-462 and 469-479 within hADAR2d was
screened in yeast for activity using a reporter substrate derived from the S. cerevisiae BDF2
MRNA. The results revealed several specific positions within the loop with a strong
dependence on the wild type residue [24]. In the crystal structures of hADAR2 bound to
dsRNA derived from the BDF2 sequence, these residues form a network of interactions
through direct contact with the RNA substrate (H471, R474 and R477) or in intra-molecular
interactions (F457, D469 and P472 [not shown in Figure 2E]) which stabilize the observed
conformation of the loop. These results provide strong evidence that the 5" binding loop
location and sequence are well suited for interacting with dsRNA 5” of the editing site.
Analysis of these results also raised an interesting question: What is the basis for
conservation of the other residues within the 5" binding loop? Perhaps this loop can adopt
alternate conformations when binding substrates with different 5" secondary structures.
Under these conditions the other conserved residues may play important roles in binding or
loop stabilization. They may also participate in protein-protein interactions that were not
present or relevant under the conditions used for the screening.

Conservation of binding residues within the ADAR family

A significant number of the hADAR2d residues that contact RNA in regions 1 and 2 are
either conserved or highly similar in human ADAR1 and its homologs. Within region 1,
residues E488, R481, T490, and R510 are completely conserved in homologs of both
ADAR1 and ADAR2 from 10 species [22]. Across the same group of species, S495 differs
only once, appearing as threonine in D. rerio. ADARL residues corresponding to hADAR2
T375 and S486 are both asparagine in the homologs in this group. Like threonine and sering,
asparagine has a polar uncharged side chain capable of donating and accepting hydrogen
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bonds. In region 2, K594 is conserved across both ADAR1 and ADAR2 homologs while
K376 appears as arginine in the ADAR1 family, a substitution which should allow contact
like the salt bridge observed in the hADAR2-RNA structure.

As mentioned previously, the 5° binding loop of region 3 is highly conserved in homologs
of ADAR2. Importantly, ADAR1 and its homologs have a highly conserved sequence which
differs significantly from the ADAR2 loop [22]. The ADARL loop is longer, contains fewer
basic residues and a conserved phenylalanine where the ADAR?2 loop interacts with the
major groove. It is likely that differences in substrate selectivity observed for ADAR1 and
ADAR? arise, at least in part, from differences in how these loops bind RNA. The high
similarity of the binding residues in regions 1 and 2 to their ADAR1 counterparts suggest
that the RNA binding in the homologous regions of the ADAR1 catalytic domain will be
similar to that observed for ADAR2. The interactions 5° of the editing site are potentially
quite different. There is evidence to suggest that the catalytic domains of ADAR1
(hADAR1d) and ADAR2 (hADAR2d) have different preferences for secondary structure 5
of the editing site [16]. In vitro experiments using the 5-HT,cR pre-mRNA (Figure 3A)
found the F site and an adenosine opposite it’s 3" neighbor to be the most efficient sites for
hADAR2d[16]. Both sites are imbedded in a long duplex region, ideal for fully contacting
region 3. The same experiment identified multiple adenosines with short (3-5 bp) stems in
the 5" direction followed by loops which are edited by hADAR1d but are completely
unedited by full length hADAR2 or hADAR2d [16]. Adenosines in hairpin loops of similar
structure are found in the pre-mRNAs of NEIL1 [6] and AZIN1 [25] have also been shown
to be good substrates for ADAR1 but not for ADAR2. Predicted secondary structure for
these RNA’s place the edited adenosine 5 to 6 nucleotides from a hairpin loop in the 5’
direction (see below and Figure 3B, 3C) suggesting that ADAR1 may be optimized to bind
this type of short stem loop structure, as has been previously observed [26]. The catalytic
domain of ADAR2 may be better adapted to binding extended duplex. Further biochemical
studies and structural information are needed to explore the role of the 5" binding loop in
determining ADAR editing preferences.

ADAR substrates may lack contacts observed in the crystal structures

By mapping the regions of hADAR2d-RNA contact to a secondary structure representation
of a duplex (Figure 2A) we can compare how the secondary structures of well characterized
ADAR substrates deviate from the RNASs in the crystal structures. The RNAs used for
crystallization of the hADAR2d-RNA complexes were derived from the human Glil and S.
cerevisiae Bdf2 mRNAs [17]. The parent RNAs were recently identified as substrates
deaminated with very high efficiency by ADAR2 even in the absence of its dSRBDs [17].
These RNAs contain an adenosine within the optimal local sequence 5'-U-A-G-3” and have
a cytosine opposite the editing site in the form of an A-C mismatch (Figure 3D, 3E). Both
substrates also contain stems predicted to contain at least eight nucleotides of primarily
duplex RNA 5 of the editing site. Where mismatches/loops do occur within the 5" stem,
they are short and symmetrical and thus should be expected to preserve the helical axis and
groove widths as a reasonable approximation of an A form duplex. It is likely the
combination of ideal local sequence and the ability to interact across all three regions of
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RNA contact observed in the recent crystal structures that allows the Bdf2 and Glil mRNAs
to serve as efficient substrates for ADAR2d.

Comparison can be made to predicted secondary structure of other known ADAR substrates.
One interesting class of substrates of to consider are micro-RNA (miRNA) precursors. The
effect of A-to-1 editing on the processing and target selection of miRNAs has been an area of
active research for over 10 years [4, 5]. The requirement for miRNA precursors to contain
hairpin stem loop structures with 20-24 bp of primarily dsSRNA means these RNAs may also
serve as efficient substrates for ADAR enzymes. For example, in vitro deamination of pri-
mir-142 (Figure 3F) by ADAR2 leads to A-to-I editing at 10 adenosines in its stem loop
structure[4], most of which contain enough adjacent duplex structure to interact within all
three regions of RNA contact in hADAR2d[4].

Many other known substrates of ADAR2 would be unable to bind to all three contact regions
in the deaminase domain. For example, the GIuR-B Q/R and R/G edit sites are predicted to
contain only five bp of duplex RNA 5" of the editing site[27], not enough to fully engage
the contacts in region 3 (Figure 3G, 3H). The 5HT,cR D-site contains a 5 nt loop on the
complementary strand which occupies the —1 to -5 nucleotide position (region 1) (Figure
3A). Asymmetric loops of this size are known to induce significant kinks in the helical axis
[28, 29] and could interfere with any of the interactions observed 5” of the editing site in the
crystal structures. Many substrates, including the GIuR B Q/R, site also contain adenosines
flanked by sub-optimal nearest neighbors and/or base paired with U rather than in the
optimal A-C mismatch [30]. In cases where editing sites lack some feature of an “optimal”
deaminase domain substrate, dsRBD binding to adjacent duplex structure can provide added
binding affinity, effectively increasing the local concentration of the catalytic domain to
facilitate editing at that site. The combination of binding from dsRBDs and the deaminase
domain must provide enough binding energy to allow the base flipping loop to intercalate
residue E488, stabilize the distortion surrounding the flipped base and overcome the stress
induced by the close approach of G489 to the 5" nearest neighbor base pair. Indeed,
biochemical studies with models of the GIuR B R/G site support this idea [31, 32]. Although
these RNAS are poor substrates for ADAR2’s deaminase domain because they lack the
region 3 contact surface, they react efficiently with a protein composed of the ADAR2
deaminase domain and dsRBD2[32] (see below).

How can RNA binding and deaminase domains bind simultaneously?

dsRBD binding is required for editing of some substrates

It is well established that many ADAR substrates require dsRBDs for efficient editing [16,
33, 34] and the restrictions placed on dsRBD binding sites by bulges and loops in RNA is
thought to play an important role in ADAR specificity [35]. How then could ADAR2
dsRBDs bind concurrently with the deaminase domain? ADAR dsRBDs are approximately
65 amino acid domains which follow the typical a—p—p—p-a fold observed for other
dsRBDs[34]. They bind dsRNA along one face, contacting two minor grooves and the
intervening major groove (Figure 4)[34]. ADAR2 dsRBD1 and dsRBD?2 are separated by 93
amino acids of unknown structure while the linker between dsRBD2 and the catalytic
domain consists of 22 amino acids.
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The role of dsRBDs in editing at the GIuR B R/G site has been extensively studied [35, 36]
[32, 34, 37]. Models of hADAR2 dsRBD2 bound to a GIuR B R/G hairpin RNA have been
presented based on NMR data that identified an RNA sequence specific contact between
S258 of dsRBD2 and the 2-amino group of the guanosine immediately 3" to the R/G editing
site [38]. Based on this interaction, it was proposed that the guanosine-specific contact of
dsRBD2 provided the structural basis for ADAR2’s observed 3" nearest neighbor
preference. Our crystal structures of hADAR2d bound to dsRNA indicated that the 3’
nearest neighbor preference can be explained by the contact made by S486 of the deaminase
domain. Overlaying the crystal structure of the deaminase domain bound to RNA and the
dsRBD2-RNA NMR structure creates an impossible clash between the two domains (Figure
5A). The interaction of the catalytic domain and RNA in this region is critical for base
flipping [22, 39] which is essential to achieve the RNA conformation required for catalysis.
Thus, this analysis indicates that, if dSRBD2 and the deaminase domain bind concurrently,
dsRBD2 must bind at a location different from that suggested by the NMR data.

We have created new models which we believe agree with available structural and
biochemical evidence (Figure 6). In in vitro deamination assays on GIuR B R/G substrates,
ADAR?2 truncations lacking dsRBD1 or dsRBD?2 retain approximately 30% and 10% of wild
type editing, respectively [34]. The truncation lacking both dsRBDs (e.g. hADAR2d)
showed no editing at the R/G site[34]. Interestingly, a truncation containing dsRBD2 and the
catalytic domain (hRADAR2-R2D) still retained editing activity on a model GIuR B R/G
substrate of just 15 base pairs (Figure 31) with five bp 5 and nine bp 3" of the editing site
[32]. Together these results suggest that dSRBD2 can bind a portion of the 15 bp duplex and
provide sufficient binding affinity to facilitate the distortion of the RNA backbone and base
flipping required for editing.

Models for concurrent binding of dsRBD and deaminase domains

Given that the 15 bp GIuR B R/G substrate would lie entirely within the region of duplex
present in the solved structures of ADAR2d-RNA complexes, an interesting question arises;
Do the RNAs in these structures harbor a suitable binding site for a dsSRBD? Sterics
obviously limit access to regions of the duplex not directly bound by the deaminase domain.
Outside of the observed protein:RNA interface there is some significant distortion of the
dsRNA from A form geometry. As the edited strand leaves the active site in the 5” direction,
its backbone is distorted for several base pairs with a widening of the major groove and a
deviation from the plane of the strands across the adjacent grooves. It seems unlikely that a
dsRBD could bind at this site as the RNA geometries deviate significantly from those found
in known dsRBD:RNA complexes [40-42]. At approximately four nucleotides in the 5’
direction from the editing site the RNA resembles an A" form helix with a major groove
expanded from the canonical A form [43]. Multiple structures (X-ray and NMR solution) of
dsRBD-RNA complexes (including ADAR?2 dsRBD2) have shown dsRBDs binding across
expanded A" type major grooves [38, 40-42]. The groove distances in this region fit well
with those observed in the ADAR2 dsRBD2-RNA complex [38] and superposition of the
dsRBD2-RNA structure with the ADAR2d-dsRNA crystal structure (Figure 6A) indicates
the structure of the RNA approximately 1/3 of a turn from the deaminase domain appears
very close to the RNA bound by dsRBD?2 in the available solution structures.
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This represents an intriguing model for simultaneous binding of hADAR2d and dsRBD2.
Interaction of hADAR2d induces a widening of the major groove on the face of the helix
opposite the editing site and dsRBD2 binding also occurs with a widening of the major
groove within its binding site. The RNA conformation induced by the binding of these two
domains can be complementary and binding of one domain may serve to remodel the RNA
for binding of the other. We should note that the distance between the N terminus of the
deaminase domain and the C terminus of dsSRBD2 in the model presented in Figure 6A is
farther than could be accommodated by the amino acids not present in either structure. It
may be possible for the N-terminal portion of the deaminase domain to adopt an alternative
conformation to allow for this binding mode. Spanning such a distance with a 21 amino acid
linker (N297-L.316) is clearly possible and similar to the linker connecting the palm and
thumb domains in DNA polymerase 1V [44].

Many efficient ADAR?2 substrates, such as the 5HT,:R D site (Figure 3A), have significant
helix defects within the RNA duplex bound by the catalytic domain that would prevent
simultaneous binding as shown in Figure 6A. For these structures, alternate binding sites for
dsRBDs may be available adjacent to the editing site that are not possible to model with the
RNA observed in the ADAR2d-RNA structures alone. For instance, if we consider RNA
duplexes with an additional 10 bp added in either the 3" direction (Figure 6B) or the 5
direction (Figure 6C), simultaneous dsRBD2-deaminase domain binding could be easily
accommodated. Such binding modes for dSRBD2 may be possible when the overlapping
binding site (Figure 6A) is blocked by helix defects. Also, depending on the substrate, there
may be one preferred binding mode for dsSRBD2 or several complexes of relatively similar
affinity that could support deamination at an editing site.

Conclusions and outlook

In summary, high resolution crystal structures of the human ADAR2 deaminase domain
bound to RNA identified three regions of RNA-contact surface on the protein outside the
active site that result in an interface that extends over 20 bp of duplex RNA. Comparison of
the duplexes used in ADAR-RNA crystallography to known, naturally occurring ADAR
substrates suggests the three regions may not all be needed for binding to each ADAR
substrate and binding of dsRBDs likely compensates for missing interactions to the
deaminase domain. In addition, the availability of high-resolution structures of deaminase
domain-RNA and dsRBD-RNA complexes allowed us to present models for complexes that
include both the ADAR2 deaminase domain and dsRBD2. These models are valuable since
they provide the basis for additional experiments to define fully the binding sites for
dsRBDs in ADAR-RNA complexes relevant to catalysis at specific editing sites. For
instance, our models suggest specific minor groove contact points for dsSRBD2, particularly
for the overlapping binding site where binding is limited to only a few binding registers
(Figure 6A). The importance of the proposed sites can now be tested experimentally. For
instance, chemically modified RNA substrates that sterically occlude binding at that location
can be used in deamination assays [33]. Such experiments are currently underway in our
laboratory. Finally, this analysis highlights the need for additional structural studies of full
length ADAR proteins bound to RNA, including structures with human ADAR1.
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Figure 1.
Domain maps of ADAR and reaction scheme for adenosine deamination. A: ADAR reaction

showing intermediate. B: Schematic of Inosine-cytidine base pair with H-bonding. C:
Domain map of active members of human ADAR family. Protein, domain and linker lengths
to scale to demonstrate relative size (ADAR1: Z1 aal35-201, Z2 aa295-359, dsRBD1-3
aab04-569, 615-680, 727-792, Deaminase aa837-1222) (ADAR2: dsRBD1 aa78-142,
dsRBD2 aa230-296, Deaminase aa317-701)
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Figure 2.
Interactions of hADAR2d with dsRNA beyond the active site. A: Overview of hADAR2d-

RNA structure (5SED1, hADAR2d E488Q with Bdf2 derived 23-mer 8-azanebularane
containing RNA) showing three main regions of contact. Edited strand in salmon,
complementary stand in blue. Region 1 residues highlighted in yellow, region 2 in cyan,
region 3 in green. Ladder diagram shows a secondary structure representation of the protein
RNA contact interface (editing site shown in red flipped from the helix) B: Table
summarizing the protein residues of each region and the RNA registers bound by each. C:
Detail view of region 1. D. Detail view of region 2 (NOTE Fig 2C shows 5ED1 hADAR2d
E488Q. E: Detail view of region 3 (NOTE Fig. 2E is from 5ED2, crystal structure of
hADAR2D E488Q with hGlil derived 23mer 8-azanebularne containing RNA. This RNA
extends 1 bp farther in the 5" direction than the Bdf2 derived RNA); (5ED1 and 5ED2 [22]).
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F) pre-miRNA-142
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Predicted secondary structures of ADAR substrates. Editing sites highlighted in red. A: 5-
HT2CR [16]. B: Neill [6]. C: Azinl [25]. D: BDF2 [17]. E: hGLI1 [17]. F: pre-
miRNA-142 [4]. G: GIuR-B Q/R [32]. H: GIuR-B R/G [31]. I: GIuR-B R/G 15 mer [32].
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Figure 4.
NMR solution structure (2L2K) of hADAR2 dsRBD2 in complex with GIuR-B R/G derived

hairpin RNA (2L2K [38]).
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A)

2-amino
group of 3’

. ADAR2 dsRBD2

Figureb.
A: Overlay of ADAR2 deaminase domain(brown surface):BDF2 dsRNA (blue and salmon)

crystal structure with solution structure of dsRBD2(yellow cartoon) bound to a GIuR B R/G
derived RNA (Green). Superimposing the guanosine contacted by S258 in the NMR
structure of dsRBD2 (2L2K) with the 3" guanosine of the ADAR2d:dsRNA crystal
structures reveals that the two binding models cannot exist simultaneously. B: The
phosphodiester backbone of the edited strand is significantly distorted for several bases 5” to
the flipped nucleotide. On the opposite face of the helix the complementary strand is kinked
and the major groove is expanded.
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Figure®6.
Proposed models of hADAR2d and dsRBD2 bound to dsRNA. (5ED1, hADAR2d E488Q

bound to Bdf2 derived 8-azanebularane containing 23 bp RNA and 2L2K, NMR solution
structure of hAADAR2 dsRBD2 bound to GIuR-B R/G derived hairpin RNA.) A: dsRBD2
binding to the distal face, RNA duplex from 2L2K shown in yellow highlights the similarity
in helix geometry on the distal face of the RNA bound to hADAR2d to the RNA bound by
dsRBD2. B: Model of how dsRBD2 might bind RNA 3" of editing site with extended
duplex 10 bp beyond Bdf2 derived 23mer. C: Model of how dsRBD2 might bind RNA 5" of
editing site with extended duplex 10 bp beyond Bdf2 derived 23mer.
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