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Structural perspectives on adenosine
to inosine RNA editing by ADARs

Andrew J. Fisher!> and Peter A. Beal!

!Department of Chemistry, University of California, Davis, One Shields Ave, Davis, CA 95616, USA; *Department of Molecular and Cellular Biology, University of

California, Davis, One Shields Ave, Davis, CA 95616, USA

Adenosine deaminases acting on RNA (ADARs) are enzymes
that catalyze the hydrolytic deamination of adenosine to ino-
sine. The editing feature of ADARs has garnered much atten-
tion as a therapeutic tool to repurpose ADARs to correct
disease-causing mutations at the mRNA level in a technique
called site-directed RNA editing (SDRE). Administering a
short guide RNA oligonucleotide that hybridizes to a mutant
sequence forms the requisite dsRNA substrate, directing
ADARs to edit the desired adenosine. However, much is still
unknown about ADARS’ selectivity and sequence-specific ef-
fects on editing. Atomic-resolution structures can help provide
additional insight to ADARS’ selectivity and lead to novel guide
RNA designs. Indeed, recent structures of ADAR domains have
expanded our understanding on RNA binding and the base-
flipping catalytic mechanism. These efforts have enabled the
rational design of improved ADAR guide strands and advanced
the therapeutic potential of the SDRE approach. While no full-
length structure of any ADAR is known, this review presents an
exposition of the structural basis for function of the different
ADAR domains, focusing on human ADAR2. Key insights
are extrapolated to human ADARI, which is of substantial
interest because of its widespread expression in most human
tissues.

INTRODUCTION
RNA undergoes many different forms of modification and editing
events after transcription.'* Currently, over 170 different types of

RNA modifications have been reported in all domains of life.” The
modified nucleosides can alter RNA secondary structure by changing
hydrogen-bonding patterns, affecting base-stacking potential, or fa-
voring a specific nucleotide conformation. Modifications can also
alter recognition determinants impacting interactions with cellular
components. Some changes can also recode mRNA by altering the ge-
netic interpretation of the base, which is referred to as “RNA editing.”
RNA modifications and editing events play critical roles in several
important cellular processes and regulation,”” and aberrant regula-
tion of RNA modification has been linked to different phenotypes
and diseases in higher eukaryotes.® '

One common type of RNA modification is methylation of the nucle-
obases and/or sugars.'"*'> This modification is carried out by methyl-
transferases, or “writers,” usually utilizing S-adenosyl-L-methionine

as the methyl donor. Cellular proteins can often recognize this
RNA modification by “reader” proteins, which play important roles
for proper RNA regulation and function by recruiting other cellular
factors. RNA methylation can also be reversible through demethylase
“erasers” enzymes."”

RNA editing generally refers to alterations in the RNA that irrevers-
ibly change the nucleotide sequence by mechanisms other than RNA
splicing. The most frequent type of RNA editing arises from the hy-
drolytic deamination of either cytidine (C) or adenosine (A), produc-
ing uridine (U) or inosine (I) nucleotides, respectively. A-to-I editing
in RNA is more widespread than C-to-U and occurs in all domains of
life'*'* and is the focus of this review. The A-to-I edits can alter the
secondary structure of RN'As,'® which has been implicated in averting
“self” dsRNA auto-immunopathology events.'’~'* However, this nu-
cleobase deamination chemistry can have enormous consequences in
RNA function through discerned sequence changes. Edits in RNA
have been shown to regulate and alter pre-mRNA splicing events.””’
Moreover, edits in the coding region of mRNA can alter codons,
translating a protein with an amino acid substitution, thus expanding
the proteome beyond the DNA coding sequence.”” One of the first
discovered examples of A-to-I RNA editing in the coding region of
a protein resulting in an amino acid substitution is the glutamine to
arginine change (Q/R site) in the glutamate receptor (GluA2).”
This radical substitution controls the calcium permeability of the
AMPA (o-amino-3-hydroxy-5-methyl-4-isoxazole propionate) re-
ceptor, and editing of its mRNA is essential for life.>* Since then, there
has been an expanding list of ADAR-mediated recoding events in
mRNA.ZS,Z()

The enzyme that catalyzes this A-to-I RNA edit is called adenosine
deaminase acting on RNA (ADAR), which recognizes and edits spe-
cific adenosines in regions of double-stranded RNA.?” Inosine, which
is structurally similar to guanosine but lacks guanosine’s exocyclic
amine, can base pair with cytidine and is typically recognized by
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the cellular machinery as guanosine producing an A-to-G exchange at
the RNA level. ADARs evoke a base-flipping mechanism, where the
targeted adenosine is flipped out of the dsRNA helix into the
ADAR active site.”® ADARs contain an active site zinc ion, which is
ligated by two cysteines and one histidine from the enzyme, with
the fourth zinc ligand being a water molecule, which attacks
carbon-6 of the adenine base, releasing the 6-amino group producing
inosine (Figure 1A). Higher eukaryotes possess two catalytically
active ADARs, ADAR1 and ADAR2, which contain similar modular
domain arrangements. Both ADARs are essential for life since knock-
outs in mice are lethal.”” However, ADAR knockouts can be rescued
by distinct downstream manipulations.”™" In this review, we will
focus on the structural basis for RNA editing by human ADARs,
concentrating on human ADAR2 where crystal structures are avail-
able and projecting some key observations to ADARI, for which there
are no published structures of the deaminase domain at this time but
where AlphaFold models help support some conclusions.

ADAR DOMAIN ARCHITECTURE

ADARs, found in all metazoans, have a modular architecture with
highly conserved domains.”>** All ADARs harbor a deamination
domain comprising roughly the C-terminal 400 residues, but the
N-terminal domains differ based on ADAR type. Vertebrates typi-
cally have three types, or paralogs, of ADARs (Figure 1B). ADARI1
and ADAR? are catalytically active and deaminate targeted adeno-
sines in dsRNA,”” while ADAR3, which is expressed mainly in the
brain, does not display any deaminase activity.”* Humans express
two isoforms of ADARI from two different promoters: a constitu-
tively expressed ADAR1 with a molar mass of ~110 kDa (ADARI-
pl110) and an interferon-induced form with a molar mass of
~150 kDa (ADAR1-p150).”> All ADARs contain nuclear localization
signals, thus delivering them to the nucleus where they can edit RNAs
co- or post-transcriptionally.”>*” However, the interferon-induced
ADAR1 pl150 contains a nuclear export signal (NES), allowing this
isoform to distribute in both the nucleus and cytoplasm.” Cyto-
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ADARI differs from ADAR2 and ADAR3 in
two respects: first, ADARI contains one or
two Za-like domains for the p110 and p150 isoforms, respectively.
The second distinct difference between ADAR1 and ADAR2/3 is
the number of dsRNA binding domains (dsRBDs), which will be dis-
cussed in more detail below. Za. domains are small ~65- to 70-residue
domains that have been shown to bind to the left-handed double-
stranded helical Z-DNA***! and Z-RNA."” However, the second
Zo-like domain in ADARI pl150 and first in p110 is labeled ZB
because it reportedly lacks the ability to bind Z-DNA.*>** The only
other known cellular proteins that contain a Za. domain are the
mammalian Z-DNA-binding protein ZBP1 (previously known as
DLM-1),* which also plays a role in innate immunity,*® and the pro-
tein kinase PKZ found in fish.*” Additionally, Zo. domain proteins are
also found in some viruses.*® The function of the Za. domains in
ADARI p150 is a bit enigmatic, but Z-DNA can transiently form up-
stream of an active RNA polymerase, possibly providing a platform
for Zo. binding of ADARLI to facilitate editing of nascent RNA strands
that fold into hairpins.*>** However, given that ADARI p150 isoform
expression is regulated under a different promotor than the constitu-
tively expressed p110, the function of Za. domain in ADARI p150,
like ZBP1, may play a role in the innate immunity pathway.*>”'
Indeed, the ability of the Za. domains of ADARI and ZBP1 to bind
Z-RNA is consistent with the hypothesis that ADARI p150 prevents
binding of ZBP1 to immunogenic RNAs.”>>?

Za. domains fold into a compact a+B structure called a winged he-
lix-turn-helix (HTH) domain with a small three-helical bundle cap-
ped with a short two-stranded antiparallel B sheet (al-02-a3-B1-
B2) (Figure 2). The crystal structure has been determined of human
ADARI Zo. domain complexed with Z-DNA (PDB: 1qgbj, 2acj, and
3£21)*">*> and with Z-RNA (PDB: 2gxb),** and the crystal struc-
ture of human ADAR1 ZB has been determined (PDB: 1xmk).”®
Even though Zf does not bind Z-DNA, both the Za and Zp struc-
tures are very similar in structure with a root-mean-squared devia-
tion ranging from 0.79-1.1 A for ~53 equivalent Ca. atoms, depend-
ing on the structure use for alignment (Figure 2A). The Zf structure
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Za Crystal Structure w/ Z-DNA

: Zf Crystal Structure
Z-DNA

Za Crystal Structure w/ Z-DNA
Za Crystal Structure w/ Z-RNA

Za Crystal Structure w/ Z-DNA

Figure 2. Structures of ADAR1 Z-alpha domains

(A) Crystal structures of human ADAR1 Za, domain bound to Z-DNA in salmon and
ruby color, respectively (PDB: 3f21), superimposed onto the ZB domain, slate blue
(PDB: 1xmk). Also shown in yellow is the predicted Z domain from AlphaFold2. (B)
Crystal structures of human ADAR1 Za. domain bound to Z-DNA in salmon and ruby
color, respectively (PDB: 3f21), superimposed onto the ADAR1 Za. domain bound to
Z-RNA (PDB: 2gxb), green and forest green color. (C) Crystal Structure of human
ADAR1 Za. domain bound to Z-DNA in salmon and ruby color, respectively (PDB:
3f21), superimposed onto the ADAR1 Za. domain predicted by AlphaFold2 showing
the extended helix a1 exhibiting all the leucines implicated in the nuclear export
signal on the same face of helix a.1.

has an additional o helix (a4) at the C-terminal end after 2. How-
ever, while sequence-based domain deciphering suggests that Zf
ends at residue 360, the AlphaFold2-predicted structure indicates
that o4 may be extended to residue 371, where it makes additional
hydrophobic and ionic interactions with residues in a1 (Figure 2A).
For Za, helices 02 and a3 and the B1-B2 loop mainly contact the
zigzag phosphodiester backbone of the double helix, which likely
provides the basis for specificity of the Z-conformation of either
DNA or RNA (Figure 2B).

Interestingly, the NES of ADARI p150 lies within helix a1 of the Zo
domain, which exports the p150 isoform into the cytoplasm. This he-
lix contains leucines that defines a “leucine-rich” NES,”” which is
shuttled outside the nucleus through its recognition by the nuclear
export receptor CRM1.>® Mutating three of the leucines prohibits nu-
clear export.” However, based on the crystal structure, it appears the
first leucine of this motif (Leul33) may not lie in helix a1 because
sequence-based domain delineations suggests Za. begins at Leul33-
Ile135, which guided the constructs used for crystallography, but an
AlphaFold2 model® of this domain reveals that a1 of the Zo: domain
may extend further in the N-terminal direction, positioning all three
leucines on the same face of helix a1 (Figure 2C). This N-terminal he-
lical extension of a1 is not observed in the ZB domain of ADAR1
(PDB: 1xmk), nor predicted by AlphaFold2, but it contains helix a4
at the C-terminal end of the domain.

dsRNA BINDING DOMAINS

All ADARs contain dsRBDs (sometimes referred to as dsSRNA bind-
ing motifs) at the N-terminal side of the catalytic domain (Figure 1B).
However, the number of dsRBDs varies based on the ADAR paralog
and phylum of the organism. ADARI of vertebrates typically has
three dsRBDs, while ADAR2 and the non-catalytic ADAR3 have
two dsRBDs. Some invertebrate ADARs have a diverse number of
dsRBDs, such as squid ADARI, which is reported to have one dsRBD
but an extended serine-rich sequence where the other dsRBDs are
typically located,’ while squid ADAR2 has an extra dsRBD.®* There
is evidence that ADAR from Hydra vulgaris may have five dsRBDs
(unpublished data).

First identified in Drosophila Staufen, involved in mRNA localization,
and PKR, a dsRNA-dependent protein kinase,”>°* dsRBDs are found
in over 100 proteins classified in at least nine families with diverse
functions.®® Some of the families include RNA helicases,’® RNases,®”
DICER,®® ribosomal proteins,69 translation initiation factor kinases,*®
and ADARs.”” The dsRBDs are small motifs consisting of 65-70
amino acids that typically bind double-helical A-form dsRNA in a
sequence-independent manner.”' The high-resolution three-dimen-
sional structures of dsRBDs from human ADARs have been deter-
mined using nuclear magnetic resonance (NMR) and X-ray crystal-
lography techniques, both alone and complexed with dsRNA.”*7°
However, the X-ray crystal structures of dsRBD2 bound to dsRNA
are part of the larger construct that includes the deaminase domain
of human ADAR2 bound to a larger fragment of RNA (discussed
further below).”*””
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B1-2 loop
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Figure 3. Structure of ADAR dsRBDs

Region 3 Region 2

Region 1

C18 (+2) in Guide

ADAR2 dsRBD2
PDBID: 6vff
PDBID: 8e4x
PDBID: 213j

C19 (+1) in Guide
RNA Strand

A15 (+2) in Edited
RNA Strand

ADAR2 dsRBD2
PDBID: 6vff
PDBID: 8e4x
PDBID: 2I3j

(A) Overall fold of dsRBD from human ADAR2 bound to duplex RNA (PDB: 6vff). Conserved secondary structure elements of dsRBDs are labeled. For clarity, the deaminase
domains of the ADAR2 dimer are omitted. The RNA strand that is edited by ADAR2 is shown with white-colored carbon atoms, with the 8-azaN labeled, which is flipped out of the
duplex into the deaminase domain active site (not shown), and the non-edited RNA guide strand has yellow-colored carbons. (B) Comparison of some dsRBD structures bound
to dsRNA. Residues corresponding to the three conserved regions that contact RNA are shown, Glu169 in helix a1 of region 1, His259 of B1-B2 loop of region 2, and the KKxxK
motif in helix 2.2 of region 3. This figure also shows the conformational variability of region 2 in the B1-B2 loop among the different structures. (C) Detailed dsRBD-RNA interactions
as seen in the ADAR2-R2D construct bound to dsRNA (PDB: 6vff). Shown in brown dashed lines are hydrogen bonds between RNA and dsRBD side chains. The magenta-
colored dashed line is between the N-terminal dipole main-chain amide of &2 interacting with phosphate backbone. Lysines 285 and 248 don’t make direct RNA contact but
contribute an electrostatic potential. (D) Closeup view of B1-B2 loop’s structural variability contacting the minor groove. Ser258 and His259 make different RNA contacts seenin
different structures. Dash lines are colored to correspond to respective structure colors. These residues are not modeled to contact RNA in the NMR structure (PDB: 213j).

The dsRBD fold consists of a mixed o/ fold with a conserved a.1-B1-
B2-B3-a2 topology where helix a2 packs against the three-stranded
antiparallel B sheet and helix ol packs against helix a2. Helix al is
shorter and impinges on the minor groove of the dsRNA but does
not make any sequence-specific contacts (Figure 3A). There are three
regions of the dsRBDs that directly contact one side of duplex RNA
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that spans two successive minor grooves and the intervening major
groove®”’ (Figure 3B). Region 1 comprises helix o1 that lies parallel
to and contacts the minor groove and contains residues that interact
with riboses and/or the phosphate backbone. However, in dsRBDs,
there are only three highly conserved residues in region 1 (a1).”’

One highly conserved glutamate is found in this helix that usually
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contacts a ribose 2'-hydroxyl oxygen. Another highly conserved res-
idue in helix al is a leucine, two residues preceding the conserved
glutamate, which packs in a hydrophobic pocket between a2 and
the B sheet maintaining the dsRBD core fold. Finally, a highly
conserve proline commences helix al. Region 2 of dsRBDs that con-
tact dsRNA is found in the B1-B2 loop. This loop bends in to contact
the previous minor groove, relative to region 1, which is closer to the
editing site in the ADAR2 structure.”* Similar to region 1, this
sequence is highly variable among the large family of dsRBDs, but a
highly conserved histidine residue is found to interact with ribose
2'-hydoxyls.”>”*”>”” Also highly conserved in this loop is a Gly-Pro
motif two to three residues preceding the histidine. While the proline
is not conserved in dsRBD2 of human ADAR2 for which there is a
crystal structure, the Gly-Pro residues of other structures reveal
they don’t contact the RNA and are more solvent exposed.”””” The
dipeptide sequence could facilitate proper B1-B2 loop conformation
to contact RNA. Interestingly, the lack of proline in human
ADAR2 dsRBD2 could allow for a more flexible B1-B2 loop,
providing more adaptability and alternative RNA contacts (see
below). The final region 3 of the dsRBDs that interacts with RNA is
found at the N-terminal region of helix a2, which lies more perpen-
dicular to the RNA helical axis. The N-terminal end of helix a2, which
possesses the positive helix dipole moment seen in many phosphate-
binding motifs’® and some DNA binding HTH motifs,” abuts the
phosphate backbone of the edited RNA strand where a phosphate
makes a contact with the main-chain nitrogen at the start of helix
a2 (Figure 3C). Additionally, this helix displays a highly conserved
KKxxK motif whose lysine residues reside on the same face of helix
a2 and point toward the dsRNA major groove between the two
minor groove contacts defined by region 1 and 2. While not strictly
conserved in all dsRBDs, the three lysine residues are conserved in
all human ADAR dsRBDs, apart from the nonfunctional human
ADAR3, where KKxxK is conserved in dsRBD1, but the sequence is
KKxxR in dsRBD2. ADAR3 also conserves residues in region 1 and
2 implicated in RNA binding consistent with the observation that
ADAR3 can bind to dsRNA structures.”**’

The structures of dsRBDs from ADAR2 have been determined, both
alone”” and in complex with dsRNA.”>”*”® The only published struc-
ture of a dsRBD from ADARLI is of the third dsRBD in the absence of
RNA. This NMR structure revealed a short additional helix preceding
a1, which is called oy, and it contains part of the unusual “split” nu-
clear localization signal that flanks the dsRBD3 motif core.”® This
additional helix (oty) juxtaposes the N-terminal and C-terminal resi-
dues flanking the dsRBD3, which are recognized by the nuclear
import receptor transportin 1 for nuclear import.

Focusing on ADAR2’s dsRBDs binding to RNA, Figure 3C shows po-
tential contacts between dsRBD2 and RNA, as illustrated by dashed
lines. All interactions, except one, are non-sequence-specific contacts
that interact with either the phosphodiester backbone or 2’-OH of the
ribose, emphasizing the dsRBD’s ability to distinguish between of
A-form dsRNA and B-form dsDNA. The one base-specific contact
is the interaction between Ser258 of the P1-B2 loop, which

hydrogen-bonds with the 2-amino group of guanosine 16 of the edi-
ted strand, three nucleotides downstream of the edited adenosine at
position 13 (PDB: 6vff). However, this is likely not a sequence-
defining contact because two other crystal structures of ADAR2
with dsRBD2 bound to RNA reveal slightly different conformations
of the BI-B2 loop where Ser258 makes weak hydrogen bonds
(~3.3A) to the 2'-OH of cytidine 19 of the non-edited RNA strand
(PDB: 8eof and 8efx).”” Comparing these three structures of the
construct we call ADAR2-R2D, consisting of dsRBD2 and the deam-
inase domain (residues 235-701) bound to slightly different RNA
substrates that vary in the nucleotide 5’ to the edited adenosine
(PDB: 6vff, 8eof, and 8efx), reveals flexibility in the f1-B2 loop result-
ing in different RNA contacts between Ser258 and His259. His259 in
two of the structures interacts with the 2’-OH of adenosine 15 of the
edited strand, while in the other structure (PDB: 6vff) His259 flips
across the minor groove and contacts the 2'-OH of cytidine 18 of
the non-edited guide strand (Figure 3D). The NMR structure of rat
ADAR?2 dsRBD2 bound to RNA reveals that the equivalent histidine
points away from the minor groove (PDB: 213j) (Figure 3D). Further-
more, while the histidine in the B1-p2 loop is highly conserved in all
ADAR dsRBDs, it appears that Ser258 is only conserved in dsRBD2 of
ADAR?2, indicating this contact is not crucial to RNA binding. Finally,
in the three crystal structures of ADAR2-R2D, the electron density of
the dsRBD2 domain is weaker than the deaminase domain, suggest-
ing that dsRBD2 binding to dsRNA may be a bit more tenuous and
may bind in conformations “out of register” due to its ability to simply
recognize A-form dsRNA in a sequence-independent manner, which
can result in overall weaker electron density of this domain.

DEAMINASE DOMAIN STRUCTURE

All ADARs have a conserved catalytic deaminase domain that com-
prises the last ~400 C-terminal residues. The first high-resolution
structure of an ADAR deaminase domain comes from human
ADAR?2, which was determined in the absence of RNA (PDB:
1zy7).*' The deaminase domain contains a seven-stranded mostly
parallel B sheet core with the long o helix (1) packed perpendicularly
across one side of the B sheet and eight o helices on the other side of
the B sheet core. The structure also revealed the expected zinc ion in
the active site. The zinc ion, which is tetrahedrally coordinated, is
ligated by two cysteine thiolates from Cys451 and Cys516 (human
ADAR?2 numbering) and the imidazole of His394. The fourth ligand
is an ordered water molecule that when deprotonated to hydroxide is
assumed to attack C6 of the adenine ring on the RNA and displaces
the amino group in the deamination reaction (Figure 1A).

At first glance, it appears the ADARs don’t resemble other RNA/DNA
editing enzymes, but closer inspection reveals that there is some sim-
ilarity to the APOBEC cytidine deaminases that can edit single-
stranded RNA and/or DNA.* The APOBEC and ADAR deaminase
domains structures share a similar five-stranded [ sheet core together
with two & helices that are involved in zinc binding.” Additionally, the
ADARSs do have a signature sequence motif found in APOBECs but
with larger insertions. The sequence motif for ADARs is HXE-
X.55-PCX _65C, where H and C are zinc ligands, and the E is the
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active site glutamate residue essential in shuttling protons in the cat-
alytic mechanism. Compared to the APOBEC signature sequence,
ADARs have a large ~55-residue insertion between the catalytic
Glu and the first Cys zinc ligand, which is 25-30 residues in
APOBECs. Additionally, there is a sizable ~65-residue insertion be-
tween the two cysteine zinc ligands, which is typically only 1-4 resi-
dues in APOBECs. This second substantial insert in ADAR is note-
worthy because it contains motifs essential for ADAR function and
dsRNA binding. The insert contains the base-flipping loop, the
dimerization helix, and the loop that defines RNA substrate selectivity
differences between ADAR1 and ADAR? in what we term the 5 RNA
binding loop (see below). This loop also contains a ligand for a second
zinc binding site observed in ADARI but not in ADAR2.

This first ADAR structure was groundbreaking because it revealed for
the first time the unexpected finding that ADARSs require the cofactor
inositol hexakisphosphate (IPs) for protein folding and deaminase
activity.® This report also demonstrated that IPg is required for
the related eukaryotic adenosine deaminases that act on tRNA 1
(ADAT1) but not the eukaryotic ADAT2/ADATS3 heterodimer family
of tRNA deaminases. The IP¢ molecule binds in the core of the ADAR
deaminase domain, where eight, mostly invariant, lysine and arginine
residues form ionic bonds to the six phosphates of IP¢. Using human
ADAR2 numbering, Arg400, Arg401, Lys519, Lys662, and Lys690
are strictly conserved in ADARI, ADAR2, and ADAR3 across
many diverse species, including insect, fish, rodent, bovine, feline,
amphibian, reptilian, avian, and primate ADARs. Lys672 is mostly
conserved but is replaced by arginine in some amphibian ADARIs
and Arg522 invariant except in rodent ADAR3 where it is serine.
The exact function of IPs in ADARSs is a bit enigmatic. Given that
this cofactor is buried in the deaminase core, it is essential for proper
protein folding and activity.*' However, while the center of the IPg is
~14 A from the active site zinc ion, the two cofactors are connected by
an ionic bond relay employing the side chains of strictly conserved res-
idues, Lys519-Asp392-Lys483 (human ADAR2 numbering). The
amino group of Lys483 is 3.9 A away from the active site zinc ion (dia-
metrically opposite the catalytic water ligand) and 3.2 A away from the
Cys516 thiolate, one of the zinc ligands. It is interesting to highlight
that a positively charged residue lies near the “backside” of the active
site zinc ion (opposite the attacking water ligand) in many RNA/DNA
editing APOBEC cytidine deaminases and the nucleotide cytidine
deaminase (CDA) and adenosine deaminase (ADA). It is assumed
that these positively charged residues partially neutralize the zinc
ligand cysteine thiolates. Mutating the arginine residue near the zinc
ion in CDA greatly reduced its V,,,,,, but not K,,, in cytidine deamina-
tion.*” Therefore, the IP; moiety may indirectly influence ADAR ac-
tivity through the conserved ionic bonding network to the active-
site zinc ion, possibly affecting the pK, of the zinc water ligand that
attacks C6 of the adenine ring during catalysis.

ADAR2 DEAMINASE DOMAIN-dsRNA STRUCTURES

To assemble a stable ADAR-dsRNA complex required for struc-
tural studies, like X-ray crystallography, the nucleotide analog
8-azanebularine (8-azaN) was incorporated at the targeted adenosine
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position. This 8-azaN analog is expected to undergo the first hydra-
tion step of the ADAR mechanism (Figure 1A), but it is unable to
complete the reaction because it lacks the 6-amino leaving group,
thus mimicking the proposed high-energy intermediate state®* and
forming a stable tight-binding complex with nano-molar affinity.*®

The first ADAR-dsRNA structure determined to high resolution con-
sisted of the deaminase domain of human ADAR2 (ADAR2d) com-
plexed with a duplex 23mer, with 8-azaN incorporated in the edited
strand.”® The structure revealed that the targeted adenosine analog,
8-azaN, is flipped out of the duplex RNA and inserts into the
ADAR active site, where it interacts with the active zinc ion, catalytic
glutamate (Glu396), and several other residues (Figure 4). The aden-
osine analog is pushed out of the duplex RNA by the base-flipping
loop, which approaches the duplex RNA on minor groove face. The
base-flipping loop contains the strictly conserved Gly-Glu-Gly
sequence where the glutamate (Glu488) penetrates the duplex RNA
flipping out the adenosine analog into the active site, whereupon
Glu488 remains intercalated in the RNA where it makes two
hydrogen bonds with the “orphaned” base opposite the flipped
base. Glu488 is flanked by conserved glycines enabling the closest
approach and deepest penetration possible by Glu488 to stabilize
the flipped-base conformation for catalysis.

Remarkably, when this base-flipping Glu488 is mutated to a glutamine
(E488Q), the resultant mutant displays higher deaminase activity,85
and it binds to the 8-azaN containing duplex with higher affinity.*®
Structures of the hyperactive ADAR2d E488Q mutant complexed
with 23-mer duplex RNAs revealed that these structures are nearly
identical to the wild-type base-flipping loop”® where GIn488 likewise
inserts in the duplex RNA, flips out the targeted adenosine (8-
azaN), and forms two contacts with the orphaned base cytidine (Fig-
ure 5A). Given that N3 of the cytosine ring is a hydrogen-bonding
acceptor in the most stable tautomer, it is likely that the GIn488 amino
group of the amide side chain hydrogen-bonds to N3 of the orphaned
cytidine. However, for the wild-type base-flipping Glu488, at physio-
logical pH, it is expected that the side chain can’t donate a hydrogen
bond to N3, which may explain the longer contact distance (3.11 A
vs. 2.85A, Glu488 vs. GIn488) (Figures 5B and 5C). Therefore, the
neutral GIn488 capacity to intercalate in the minor groove and form
a stronger interaction with the orphaned cytidine may explain why
the ADAR2 E448Q mutant displays higher catalytic efficiency. These
conclusions are also corroborated with pH studies on adenosine base-
flipping and deaminase activity of wild-type ADAR?2, which reveal
that lower pH and protonation of Glu488 more readily flips out the
adenosine and displays higher ADAR2 activity.””**

These structures and pH analyses motivated us to seek nucleotide an-
alogs that when substituted for cytidine at the orphan position, would
interact more favorably with the wild-type Glu488 to increase
ADAR’s editing efficiency. Specifically, a pyrimidine-size analog
that can deliver a hydrogen-bonding donor at the N3 position while
maintaining a hydrogen-bonding acceptor at the C2 exocyclic
carbonyl oxygen to interact with the deprotonated glutamate 488
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Figure 4. Crystal structure of human ADAR2 deaminase domain complexed with dsRNA 23-mer
Edited RNA strand is salmon colored. The adenosine analog 8-azaN (red) is flipped out into the active site where it interacts with the zinc ion (gray sphere). The base-flipping
residue 488 is shown in bright green and IPg as sticks with yellow-colored carbon atoms.

could serve this task to enhance editing. 6-Amino-5-nitro-3-(1'-p-D-
2'-deoxyribofuranosyl)-2-(1H)-pyridinone (Benner’s base dZ), which
was first synthesized for artificially expanded genetic information sys-
tems,” is a pyrimidine-sized analog that contains a hydrogen bond
donor at the N3 equivalent position and provides a hydrogen bond
acceptor at the exocyclic O2 position to interact with Glu488 main-
chain nitrogen (Figure 5D). Indeed, wild-type ADAR2 displayed
higher editing efficiency when dZ is substituted in the guide-strand
orphan position, observed in biochemical assays and in cultured cells,
compared to cytidine.”” The high-resolution crystal structure of hu-
man ADAR2d bound to a duplex RNA with the dZ analog at the
orphan position confirmed the tighter interaction with wild-type
base-flipping Glu488. Interestingly the side chain carboxylate of
Glu488 makes bifurcated hydrogen bonds to the ring nitrogen (N1
in dZ base numbering) and the exocyclic amine (Figure 5D). This
contact distance is shorter in dZ compared to the cytidine (2.83 A
vs. 3.11A and 3.37A) suggesting a stronger interaction. Additionally,
the orphan dZ exocyclic carbonyl oxygen makes a shorter contact to
the main-chain nitrogen of Glu488 (2.67A vs. 2.93A) (Figures 5C and
5D). Furthermore, density functional theory calculations indicate that
the partial charge of the donor-donor-acceptor face of the dZ base is
more positive than the donor-acceptor-acceptor face of dC, suggesting
that the electrostatic interaction between the partial positive face of
dZ and the carboxylate of Glu488 may provide additional favorable
interaction energy.”’

ADARs SEQUENCE CONTEXT PREFERENCES

The structures of ADAR2d with duplex RNA also provide a structural
basis for ADAR’s editing sequence preferences, such as the preference
to edit adenosine between a 5'-U and a 3'-G.”>”' The structure reveals

that the 2-amino group of guanosine, which projects into the minor
groove of dsRNA, defines this sequence preference for both flanking
nucleotides, positively and negatively for the 3'-G and 5'-U sequence
preference, respectively. The structure shows that the 2-amino group
of the 3/-G of the editing strand forms a sequence-specific hydrogen
bond to the main-chain carbonyl oxygen of Ser486 in the base-flip-
ping loop (Figure 6A). If the 2-amino group of the 3'-G is removed
by replacing the guanosine with inosine, which can still base pair
with the complementary cytidine, the catalytic deamination rate de-
creases by ~50%.”"

A 2-amino group on the 5’ side of the targeted adenosine has a nega-
tive impact on editing. Modeling in a guanosine at the 5’ side of the
edited adenosine demonstrated that the projection of the 2-amino
group in the minor groove would result in the nitrogen atom coming
within 3 A of the Ca. of Gly489, resulting in a van der Waals clash
from hydrogens on both atoms (Figure 6A). Equivalently, adenosines
with 5’-C neighbors are not efficiently edited by ADARs, because the
complementary base-paired guanosine would also have a 2-amino
group in a van der Waals clash with Gly489 (Figure 6A). This is vali-
dated when the adenosine complementary to the preferred 5'-U is re-
placed with 2-amino purine (2AP), which is still capable of base pair-
ing with the 5’-U. However, this nucleotide analog delivers a 2-amino
group in the minor groove that can clash with Gly489, resulting in
deaminase rates of the 2AP:U base pair similar to a G:C base pair.*®

Despite the bias against ADARSs efficiently editing adenosines with a
5'-G, it has been shown that if the 5'-G is mismatched with another
purine in the —1 position of the guide strand, the rate of editing is
greatly enhanced.”>”” To understand the structural basis of these
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(A View of the base-flipping loop and active site of human ADAR2 deaminase domain of the wild-type enzyme (PDB: 5hp3, in green), superimposed on the hyperactive
mutant (PDB: 5ed1, brown). The base-flipping residue 488 makes two potential hydrogen bonds with the orphaned cytidine base. Side chain of 488 contacts N3 of the
cytosine ring, while the exocyclic 2-carbonyl oxygen hydrogen-bonds to the main-chain amide nitrogen of 488. (B) Interactions between the base-flipping residue 488 and the
orphan base opposite the flipped adenosine. Hyperactive E488Q makes two hydrogen bonds with orphan cytidine with the main chain and side chain. (C) Wild-type Glu488
makes a main-chain hydrogen bond, but the deprotonated side chain distance increases to 3.11 AtoN3 of cytidine. (D) Substituting Benner’s base dZ in the orphan position
creates tighter interactions to base-flipping Glu488 compared to cytidine. Two or three hydrogen bonds can form with wild-type Glu488. Side-chain carboxyl oxygen of
Glu488 can hydrogen-bond with either the dZ N1 nitrogen (dZ numbering) or the exocyclic amino group. Distances shown are between heavy atoms (not hydrogen).

findings, we determined the structure of human ADAR2 complexed
with RNA that contains a G:G mismatch at the 5'-G.” This structure
revealed that the clash between the 5'-G 2-amino group and the base-
flipping loop can be mitigated by inverting the 5'-G base into the syn
conformation, which is stabilized by a Hoogsteen base-pairing inter-
action with the —1 G of the guide strand, which resides in the canon-
ical anti conformation (Figure 6B). However, a guanosine in the —1
position of the guide strand still presents a 2-amino group into the
minor groove that pushes the base-flipping Gly489 about 1 A toward
the flipped-out 8-azaN. Eliminating this 2-amino group by substitut-
ing in a 3-deaza-2'-deoxyadenosine at the —1 position of the guide
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strand still promotes the 5'G to adopt a syn conformation, but
more importantly, it eliminates the push on the base-flipping loop
Gly489 and increases the ADAR editing rate even more than the
G:G mismatch.”” 3-Deaza-adenosine is more effective than adenosine
likely because the pK, of N1 of the 3-deaza adenosine is higher (6.8)
compared to adenosine (3.7), allowing N1 to furnish a hydrogen bond
donor to the Hoogsteen edge accepting N7 of the syn 5'-G (Fig-
ure 6B).”” This hydrogen-bonding pattern causes the bases to slide
slightly (compared to G:G), allowing the base-flipping loop to shift,
which results in the swinging of the 8-azaN phosphate to the ideal po-
sition seen with the preferred 5'-U structure (Figure 6B).
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ADAR DEAMINASE DOMAIN-RNA INTERACTION
DETAILS

The structure of the ADAR2 deaminase domain complexed with the
23-mer dsRNA also reveals other protein-RNA contacts that are
important for A-form duplex recognition and efficient editing activity.
However, outside the base-flipping Glu488 interaction with the orphan
base, the 3'-G 2-amino contact with Ser486, and catalytic Glu396 inter-
acting with the flipped adenosine analog, all other protein-RNA con-
tacts are sequence-independent interactions with the RNA ribose or
phosphodiester backbone. The majority of ADAR?2 residues that con-
tact RNA are found in the large insert between the two cysteine residues
that ligate the catalytic zinc (Figure 7). In ADARSs, this insert is ~65-70
residues long compared with 1-4 residues seen in the APOBECs,
ADAs, and CDAs. This large insert contains the base-flipping loop

Figure 6. Structural basis for ADAR’s sequence
preference of 5'-UAG-3’

(A) Based on the crystal structure of the ADAR2d-RNA
complex, a 5-G or 5-C was modeled with the
complementary base pair. Shown is the base-flipping
loop in green-colored carbon atoms, with part of the
dsRNA (gray-colored carbons). The 5-U:A base pair
was modeled to 5'-G:C (cyan) and 5'-C:G (salmon) base
pair illustrating a clash between the guanosine exocyclic
2-amino group with Gly489 (magenta dashes). Also
shown is the interaction between the preferred 3'-G’s
2-amino group hydrogen bonding with the main-chain
carbonyl oxygen of Ser486. (B) Structures of human
ADAR2 with a 5-G in the edited strand and purine
nucleotides at the —1 position of the guide RNA strand,
either guanosine (green) (PDB: 8e0f) or 3-deaza-
2'-deoxyadenosine (blue) (PDB: 8e4x). Both guide-
strand purines create a mismatch with the 5'-G, causing
this guanosine to flip into the syn conformation and
forming a Hoogsteen base pair (dashes) with the —1
purine of the guide strand. The colors of dashed lines
correspond to Hoogsteen hydrogen bonding of the two
different structures as shown. Magenta arrow shows
movement of 8-azaN &'-phosphate to a conformation
seen in the ideal 5'U:A structure.

and the 5'-RNA binding loop, which was disor-
dered in the RNA-free ADAR? structure.”’ The
base-flipping loop that contacts the RNA on the
minor groove is shown in brown in Figure 7
and defines ADAR2’s nearest neighbor prefer-
ences. The 5'-RNA binding loop (magenta color
in Figure 7), which contacts RNA on the 5 side of
the edited adenosine, contains four arginine res-
idues (455, 474, 477, and 481) that contact the
phosphate backbone of both the edited and guide
RNA strand. The 5'-RNA binding loop also con-
tains Asn473 whose side chain and main chain
contact RNA. Of the four arginines in the
5’-bindingloop, only Arg481 is strictly conserved
in all ADARSs (1, 2, and 3). The other arginines
455, 474, and 477 are conserved in ADAR2 and ADARS3, but not
ADARI, where they are replaced by Ala, Asn, and Gln, respectively.
Asnd473 is also conserved in ADAR2 and 3 but is a glutamate in
ADARLI. These 5'-binding loop sequence variations, together with a
longer 5'-loop in ADARI, help to define the different sequence speci-
ficity in RNA substrate preferences between ADAR1 and ADAR2.” It
is also noteworthy to point out that in ADARI, this 5'-RNA binding
loop contains His988 that ligates a second zinc site not seen in
ADAR2.” Therefore, zinc may dictate ADARI’s sequence specificity
through altered 5'-loop conformations with the loading and unloading
of a second zinc ion.

While the majority of the dsSRNA structure resides in the expected
A-form helical conformation, a perturbation is observed at the editing
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Figure 7. ADAR2d-RNA interactions

5'-RNA =
Binding Loop N473

The ADAR2 deaminase domain shown in semi-transparent cartoon in green displaying the residues that interact with RNA, shown with stick side chains. The base-flipping
loop that contacts the minor groove and orphan base is shown in brown. The 5’-RNA binding loop is shown in magenta color. The remainder of the C-X _g5-C insert is shown
in orange. Residues that contact the 3'-end of the edited strand are shown with green-colored carbon atoms. Catalytic GIu396 is in yellow, and the edited RNA strand is in

salmon color, with the flipped-out 8-azaN.

site. The ADAR? base-flipping residue 488 requires a deep penetra-
tion from the minor groove to flip out the adenosine and hydrogen
bond to the orphaned base. This close approach necessitates a shift
from the A-form helix resulting in the “sliding” of the base pair at
the 5’ side of the editing site away from the ADAR protein, which in-
duces the widening of the RNA major groove opposite the editing
site.”® This “sliding” of the 5’ side base pair causes both ribose sugar
puckers to adopt a C2'-endo conformation, which is normally
observed in the B-form helical configuration. Both the 5'-U (5’ to
the flipped-out 8-azaN) and its complementary adenosine on the
guide strand in the —1 position (see Figure S1 for numbering) reside
in this B-form ribose sugar pucker (Figure S1). In addition to the
intercalation of residue 488 and interaction with the orphaned base,
its side chain also hydrogen-bonds to the 5'-U ribose 2'-OH, stabiliz-
ing this C2'-endo sugar pucker. It is significant to point out that the
C2'-endo conformation in the guide-strand —1 position is necessary
for efficient editing because substituting a locked nucleic acid, which
is locked in the C3'-endo conformation, abolishes editing, whereas re-
placing this nucleotide with a deoxyribose enhances editing.” It is
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also interesting to note that the only other ribose that adopts a C2'-
endo conformation is the flipped-out adenosine analog where the
main-chain carbonyl of Thr375 induces this conformation by
hydrogen bonding to the 2’-OH of 8-azaN. The C2’-endo conforma-
tion of the flipped-out base’s ribose likely places the base in an ideal
position for the nucleophilic attack of the zinc-bound water at C6.
Therefore, the ribose C2'-endo sugar pucker in these three nucleotides
helps to define ideal substrate conformation, which can be exploited
to help enhance or suppress RNA editing as desired.

STRUCTURE OF ADAR DEAMINASE DOMAIN  +
dsRBD2 COMPLEXED WITH RNA

To better understand RNA recognition and the structural influence of
a dsRBD binding to dsRNA in the context of the catalytic deaminase
domain, we determined the crystal structure of human ADAR2
construct called ADAR2-R2D, which consists of residues 215 to the
C-terminal residue 701.”* This construct comprises the second
dsRBD (dsRBD2) and the deaminase domain. The structure was
determined with a longer fragment of the Glil dsRNA consisting of
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a 32-mer duplex containing the 8-azaN analog at the targeted aden-
osine base to trap a stable intermediate complex with the 8-azaN flip-
ped into the deaminase active site. Based on footprinting protection
experiments, the 32-mer duplex was extended toward the 3’ direction

. )
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Figure 8. Crystal structure of human ADAR2-R2D
complexed with a 32-mer RNA

(A) Catalytic monomer is shown in green, and auxiliary
monomer in light tan, whose dsRBD2 is orange, binds to
the 3" end of the dsRNA. The flipped-out 8-azaN analog is
shown in red, and the base-flipping residue 488 is shown
in lime-green spheres. The dimerization helix from the
catalytic monomer is shown in magenta color, which
binds to the active site of the auxiliary monomer, and
zinc ions are in yellow spheres. (B) Zoomed view of the
deaminase domain dimerization contacts. Catalytic
monomer (green) dimerization helix (magenta) binds in
the active-site pocket of the auxiliary monomer (tan).
Residues that participate in dimerization contacts are
shown as sticks and hydrogen bonds with yellow
dashed lines.

(relative to the edited adenosine) compared to
the 23-mer dsRNA used in the deaminase-
RNA structures detailed above.”*

The crystal structure of the ADAR2-R2D com-
plexed with the 32-mer dsRNA surprisingly re-
vealed the enzyme assembled onto the dsRNA
as an asymmetric homodimer where one mono-
mer’s active site binds the flipped-out 8-azaN, as
seen previously (called the catalytic monomer),
plus a second monomer’s active site binds to
a short alpha helix of the catalytic monomer
(Figure 8A). This second “auxiliary” monomer’s
deaminase domain does not directly engage the
RNA duplex, but its dsRNA binding domain is
seen to bind to the duplex RNA on the 3’ side
of the flipped-out 8-azaN, where in interacts
with both strands of RNA in a manner similar
to other dsRBD-RNA structures. The dsRBD2
of the catalytic monomer is completely disor-
dered in the crystal structure, suggesting it
does not bind tightly or may bind dynamically
or nonspecifically to the RNA.

All three regions of the auxiliary monomer’s
dsRBD2 contact dsRNA 3’ to the edited base.
Specifically, region 2 (B1-B2 loop) contacts nu-
cleotides as close as the +1 position in the guide
strand and nucleotides +3 and +4 of the edited
strand. (Numbering is relative to orphan base
and flipped base, which is 0 in each strand,
and positive numbers extend to the 5 direction
of the guide strand or 3’ direction of the edited

strand.) Region 2 of the dsRBD2 (N-terminal end of helix a2) con-
tacts the phosphate backbone of nucleotides +4, +5, and +6 of the edi-
ted strand and +12 of the guide strand. The first two lysines of the
conserved KKxxK signature sequence found in all ADAR dsRBDs
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are involved in the phosphate contacts, while the third lysine points
toward the major groove to contribute to the overall positive electro-
static potential. Finally, the conserved glutamate in region 1 (helix ac1)
contacts the 2'-OH of nucleotide +14 in the edited strand. Addition-
ally, the o1 N-terminal main-chain nitrogen contacts the 2'-OH of
the +12 nucleotide in the guide strand.

The deaminase domains assemble into an asymmetric homodimer
that is mediated by interactions between the dimerization helix of
the catalytic monomer and the active site of the auxiliary monomer
(Figure 8B). The dimerization helix contains a highly conserved
TWDG motif, where the side chains of Thr501, Trp502, and
Asp503 interact with the auxiliary dimer’s active site. Specifically,
Thr501 hydrogen bonds with main-chain carbonyl oxygen of
GIn488 in the auxiliary monomer (which is the base-flipping residue
in catalytic monomer). The indole nitrogen of Trp502 interacts with
the main-chain carbonyl oxygen of Phe457, and Asp503 of the dimer-
ization helix interacts with both the main-chain amide nitrogen of
Gly452 and the side chain of Thr490 (Figure 8B). Additionally, the
carboxylate group of Asp503 wedges into an electrostatic cavity
created by Arg481 and Arg455 of the auxiliary monomer’s active
site. Gly504 of the TWDG motif is conserved in the dimerization helix
because it makes a close contact with conserved Gly489 of the auxil-
iary monomer, which in the catalytic monomer is adjacent to the
base-flipping 488. In addition to these dimerization helix-mediated
contacts, the dimer is stabilized by the ionic interactions between
Arg481 and Arg590 of the auxiliary monomer and Glu693 and
Glu485 of the catalytic monomer, respectively (Figure 8B). It is signif-
icant to highlight that all the residues from the auxiliary monomer
that facilitate dimer contacts also play a critical role in forging RNA
contacts in the catalytic monomer. Therefore, these residues adopt
a dual functionality: protein dimerization in the auxiliary monomer
and RNA binding in the catalytic monomer.

ADAR DIMERIZATION

The asymmetric homodimerization of ADAR2 on its RNA substrate
is important for efficient RNA editing. Disrupting this dimerization
through mutations of the conserved TWDG motif in the dimerization
helix can greatly diminish editing activity on many RNA substrates,
especially mutating Asp503, which lodges in the positive potential
pocket defined by Arg455 and Arg481.”* The D503A mutation in
ADAR? disrupts the dimer and greatly reduces ADAR?2 editing effi-
ciency both in biochemical assays and in HEK293T cells.”* More
importantly, the same mutation in ADAR1 D1023A also reduces
RNA editing in HEK293T cells, which suggests that ADARI also ex-
ists in a similar asymmetric homodimerization complex upon bind-
ing RNA substrates.

Additional validation that this asymmetric homodimer readily forms
and is biologically functional comes from other ADAR?2 structures.
The original RNA-free crystal structure of human ADAR2 deaminase
domain also assembles into a similar asymmetric dimer when inspect-
ing the crystal packing (Figure S2).*' Furthermore, AlphaFold2
predicts that both ADAR1 and ADAR2 assemble into similar
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asymmetric homodimers (Figure $2).°° Additionally, AlphaFold2
predicts that the deaminase domain of the nonfunctional ADAR3
also may organize into a similar dimer, but one monomer is rotated
roughly 32° compared to the ADAR] and ADAR2 dimers.

Curiously, if AlphaFold2 is used to predict possible heterodimer in-
teractions between human ADARI and ADAR?2, it also predicts a
similar arrangement of deaminase domain monomers, where the het-
erodimer contact is also mediated by the conserved dimerization helix
(Figure S2). In fact, AlphaFold2 predicts two types of ADARI-
ADAR? heterodimers, one where ADAR1d serves in the catalytic po-
sition and ADAR2d in the auxiliary position and the opposite
arrangement with ADAR2d in the catalytic location and ADARId
in the auxiliary site. This advances the possibility of ADARI-
ADAR? heterodimerization, which might be used for regulation or
expanding the RNA binding capabilities to edit additional RNA tran-
scripts that might not be efficiently edited by homodimers. Remark-
ably, AlphaFold2 also predicts heterodimers between ADAR3-
ADARI and ADAR3-ADAR?2, also in similar dimeric arrangements
(Figure S2). However, of significance is that unlike the ADARI-
ADAR?2 heterodimer predictions where either deaminase domain
can reside in either monomer position (catalytic or auxiliary), the
ADARS3 heterodimer predictions always position the nonfunctional
ADAR3 domain in the catalytic monomer position where its dimer-
ization helix occupies the active site of ADARI or ADAR2. Formation
of such complexes would explain how ADAR3 might inhibit ADAR1
and ADAR? activity, which has been reported.*****

ADAR1 STRUCTURE CONJECTURES

At the time of writing, there are no published structures of ADAR1
deaminase domain from any organism, either alone or complexed
with RNA substrate. However, some ADARI structural insight can
be gleaned from the homologous ADAR2 structures and the pre-
dicted AlphaFold2 structure. As outlined above, AlphaFold2 does
predict a potential deaminase domain asymmetric homodimer as
observed in human ADAR2 where the conserved dimerization helix
of one deaminase domain binds to the active site of another mono-
mer. Therefore, it is expected that ADARI likely binds to dsRNA sub-
strates as asymmetric homodimers as observed in ADAR2.””

The deaminase domains of human ADARI and ADAR?2 are 37.1%
identical (54.6% similar) in amino acid sequence. As expected, resi-
dues important for function are strictly conserved, like the Gly-
Glu-Gly base-flipping loop, the catalytic zinc ligands, the catalytic
glutamate involved in shuttling protons in the adenosine to inosine
mechanism, and the positively charged residues that bind the IPg
molecule. However, notable differences are observed in the 5 RNA
binding loop that play important roles in distinguishing the selectivity
between ADARI and ADAR?2. This loop (residues 455-477 in human
ADAR?2) was disordered in the original RNA-free ADAR2 deaminase
domain structure but is seen in the RNA-bound structure because it
contacts the dsRNA substrate due to several protein-RNA interac-
tions. This loop, which is 5 residues longer in ADARI, only preserves
a conserved phenylalanine and proline between the two ADAR
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sequences, but the functional significance is uncertain since these res-
idues don’t contact RNA or appear to be structurally crucial. Interest-
ingly, residues in this loop that interact with RNA substrate are
conserved in the ADAR2 family but not in the ADARI1 family, sug-
gesting this loop can contribute to the distinct RNA substrate speci-
ficity. In fact, when these loops are interchanged between ADARI1
and ADAR?2, RNA substrate preferences are also swapped. Specif-
ically, substituting in the human ADAR2 5-RNA binding loop for
the equivalent loop in ADARI produces a chimeric protein that dis-
plays ADAR2-like deaminase selectivity.”

Another interesting feature of the 5'-RNA binding loop in ADARI is
that it contains a ligand for a second zinc binding site. High-
throughput mutagenesis, molecular modeling, and metal ion analysis
identified a second zinc binding site in ADARI distinct from the cat-
alytic zinc ion.”* Specifically, mutating human ADARI Cys1081,
Cys1082, His1103, and His988 resulted in loss of the second zinc bind-
ing, as determined by inductively coupled plasma mass spectrometry
(ICP-MS), and no observable activity on tested RNA substrates. One
of the ligands for the second zinc site, His988, resides in the 5'-RNA
binding loop for ADARI1. The AlphaFold2 structure of human
ADARI indeed predicted a structure with all four residues congre-
gating together with a vacancy that can accommodate a zinc ion
that is tetrahedrally coordinated by the four residues (Figure S3). Su-
perposition of the predicted ADARI1 deaminase domain onto the
ADAR2-R2D structure with bound RNA reveals that the ADARI1
5'-RNA binding loop is pulled away from the RNA because of its inter-
action with the second zinc site. Sequence alignment of these 5'-bind-
ing loops reveals that they contain several conserved positively
charged residues. While the sequences align within each ADAR fam-
ily, the positively charged residues don’t align between the ADARI1
and ADAR?2 families, both in primary sequence and in structural
space. In ADAR2, most residues are found to interact with RNA, while
the positively charged conserved residues in the ADAR1 5'-loop are
predicted to lie too far from a dsRNA substrate modeled from the su-
perposition of the ADAR2-R2D structure. Therefore, ADARI’s
conserved cationic residues in the 5-RNA binding loop cannot
interact with RNA in this ADAR2-based model (Figure S3). Therefore,
ADARI may bind and edit RNAs with more bent structures or struc-
tures with large bulges on the 5 side of the edited adenosine.
Conversely, one can speculate that ADAR1’s second zinc site, whose
binding affinity has not been reported, might modulate RNA binding.
If the His988 zinc ligand is liberated, e.g., by protonation of His988,
this could release the 5'-RNA binding loop from the zinc tether, allow-
ing the loop to flip up, thus enabling some of the conserved positively
charged residues to interact with more linear duplex RNAs.

The residues in ADAR?2 that interact with RN A on the 3’ side of the tar-
geted adenosine are partially conserved between ADAR2 and ADARI.
Arg348 in ADAR?2, which ion pairs with the phosphate of G12 in the
guide RNA oligo, maps to Gly865 in ADARI. However, based on the
AlphaFold predicted structure, ADARI Lys1122 fills the void from
the absent side chain of Gly865 and can interact with the phosphate
backbone. This Lys1122 is indeed conserved in ADARI from diverse

species, suggesting it likely contacts the RNA substrate. Lys376 of
ADAR?2, which interacts with 3'-phosphate of the flipped-out
8-azaN, corresponds to Arg892 of ADARI, which is conserved in the
ADARI family. This suggests this residue, like Lys376 of ADAR2, is
also important in stabilizing the flipped-out adenosine in the active
site. Finally, Lys594 of ADAR2 points in the major groove toward
the 3'-phosphate of the flipped 8-azaN and is conserved in the
ADARI family (Lys1120). This lysine is part of an RQXGK motif
conserved in ADAR1 and ADAR?2. Argl116 of ADARI in this motif
also points in toward the major groove near Lys1120 and may interact
with RNA phosphate backbone. Also noteworthy is the conservation of
glycine in this motif, which makes a close approach to the RNA phos-
phodiester backbone in ADAR2-RNA complexes. Mutating this resi-
due to alanine in ADAR2 (G593A) decreases deamination rate over
10-fold and larger side chains almost 100-fold.”®

CONCLUSIONS

ADARs have attracted much attention recently for the capabilities to
bind dsRNA and recode specific adenosines to inosine, which is
“read” as guanosine, effectively making an A-to-G mutation in
RNA. Therefore, there is much enthusiasm in the prospects of rede-
ploying endogenous ADARs to selectively correct disease-causing
mutations on RNA by delivering a short guide RNA oligomer to
target the disease-causing mutation, forming a duplex RNA frame-
work that serves as a substrate for ADAR in site-directed RNA editing
(SDRE).”* "% High-resolution structures of ADARs bound to diverse
RNA substrates would advance this field significantly by helping to
direct guide RNA modifications that can both increase editing effi-
ciency and stabilize the RNA oligomers within the cell. Several proofs
of this principle have already been demonstrated in using the high-
resolution structures to improve editing. One example was motivated
by the NMR structure of ADAR2’s dsRBDs bound to the R/G editing
site of GluR2.”” This structure led to linking the RNA hairpin of this
R/G site to a guide RNA to serve as an ADAR recruitment domain to
help direct endogenous ADAR2 to the desired editing site.'”" Another
example is the use of ADAR2-RNA structures to guide the design of
nucleotide analogs that can more favorably interact with the gluta-
mate residue present in the base-flipping loop, thus increasing editing
efficiency.”” The ADAR2-RNA structures were also used to recognize
noncanonical ribose sugar puckers at specific positions and for har-
nessing this information to help guide nucleotide analog placement
to either increase or decrease editing at specific adenosines.” The
structures also provided an explanation for ADAR’s nearest neighbor
preferences, which was exploited to enable editing at adenosine with
an adjacent 5’ guanosine by incorporating bases in the guide RNA
that induce the 5" guanosine to flip into the syn conformation.”

All these structure-guided optimizations and modulations have been
focused on ADAR2 because there are no published structures of
ADARI from any organism. This is because ADARI1 has proven to
be a bit recalcitrant to efficient heterologous ectopic expression and
purification needed for many biophysical studies. Yet ADARI has
garnered more interest in SDRE because it is expressed in most tis-
sues, necessitating the need for high-resolution structures of this
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important enzyme. Furthermore, there are no structures known of
full-length ADARs, because the size and flexibility between the
modular domains proves challenging in crystallization. However,
given the recent cryoelectron microscopy advancements and the
requirement for less protein and concentrations compared to crystal-
lization, it is only a matter of time before many more ADAR struc-
tures will reveal a clearer picture of ADAR functionality.
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