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ABSTRACT

Adenosine (A) to inosine (I) RNA editing is important for life in metazoan organisms. Dysregulation or
mutations that compromise the efficacy of A to | editing results in neurological disorders and a shorten life
span. These reactions are catalyzed by adenosine deaminases acting on RNA (ADARs), which hydrolytically
deaminate adenosines in regions of duplex RNA. Because inosine mimics guanosine in hydrogen bonding,
this prolific RNA editing alters the sequence and structural information in the RNA landscape. Aicardi-
Goutieres syndrome (AGS) is a severe childhood autoimmune disease that is one of a broader set of
inherited disorders characterized by constitutive upregulation of type | interferon (IFN) referred to as type |
interferonopathies. AGS is caused by mutations in multiple genes whose protein products, including
ADART1, are all involved in nucleic acid metabolism or sensing. The recent crystal structures of human
ADAR2 deaminase domain complexed with duplex RNA substrates enabled modeling of how AGS causing
mutations may influence RNA binding and catalysis. The mutations can be broadly characterized into
three groups; mutations on RNA-binding loops that directly affect RNA binding, “second-layer” mutations
that can alter the disposition of RNA-binding loops, and mutations that can alter the position of an a-helix
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bearing an essential catalytic residue.

Introduction

RNA is frequently edited after being transcribed by RNA poly-
merase. These enzyme-catalyzed transformations include insert-
ing, deleting, converting or modifying ribonucleotides."* One of
the most abundant RNA modifications found in metazoans is
the deamination of adenosine to inosine (A-to-I). This reaction
is catalyzed by the class of enzymes called adenosine deami-
nases acting on RNA (ADAR).’ Like the nucleoside cytidine
and adenosine deaminases, ADARs require a zinc-activated
water to hydrate the nucleobase followed by a loss of ammonia
to yield the hydrolytic deamination product. However, ADARs
also require the binding of inositol hexakisphosphate (IHP) in
the protein core to maintain stability and activity.* Another dif-
ference with the nucleoside deaminases is that ADARs only
deaminate nucleotides in regions of duplex secondary structure.

In the ADAR deamination reaction, the resulting inosine
nucleotide product behaves more like guanosine in hydrogen-
bonding patterns, consequently A-to-I edits can significantly
alter the RNA function. Variations in function include changes
in codon meaning (ie., recoding) in mRNA, altering splice
sites, and changing RNA secondary structure. Over three mil-
lion RNA A-to-I edits have been documented in healthy
human tissues.” A to I editing is critical for normal cellular
function and dysregulated ADAR activity can result in a variety
of neurological disorders such as epilepsy and Prader Willi Syn-
drome, depression, schizophrenia, amyotrophic lateral sclero-
sis, as well as cancer.®"’

There are three ADARs in humans; ADAR1, ADAR?2, and
ADARS. Interestingly, while ADAR1 and ADAR?2 are both cat-
alytically active and expressed in almost all tissues, the enig-
matic ADAR3 is expressed mainly in the brain and has no
detectable catalytic activity. Genetic knockouts of ADARI and
ADAR?2 in mice result in embryonic or neonatal death respec-
tively'' ' establishing the significance of ADARs and RNA A-
to-I editing in organismal health.

ADAR protein structures are modular, with all ADARs pos-
sessing a homologous catalytic or deamination domain com-
prising roughly the C-terminal 400 amino acids and N-
terminal nucleic acid binding domains'*'> (Fig. 1A). ADARI is
1226 residues in length, and contains two Z-DNA binding
domains (Z-DBD) and three double-stranded RNA binding
domains (dsRBDs) within its N-terminal ~800 residues, while
ADAR?2 is 701 residues and contains only two dsRBDs and no
Z-DBD. ADARS3 also contains two dsRBDs plus and an N-ter-
minal Arginine-rich segment, in addition to a non-functional
“catalytic domain.”

ADARSs recognize their RNA substrates partially through the
dsRBDs, which characteristically span two minor grooves, but
because they interact with 2'-hydroxyls and phosphodiester
backbones, dsRBDs typically bind non-specifically to dsRNA.
Recent evidence suggests the sequence specificity that dictates
which adenosines get deaminated by ADARs is partially medi-
ated through the C-terminal deaminase domain.'®'” This sug-
gests dsRBDs draw the ADARs to the RNA substrate and the
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Figure 1. Primary structure of ADAR. (A) Schematic representation of the modular domains of the three human ADARs. Catalytic deaminase domain is represented in yel-
low. (B) Sequence alignment of ADAR deaminase domains from diverse organisms. The secondary structural elements observed in the human ADAR2 X-ray structure are
represented above the sequence alignment. The seven AGS-causing missense mutations are marked with cyan-colored triangles below the sequence. The catalytic Gluta-
mate is marked by a magenta square, and the ADAR-specific RNA-binding loop is highlighted by a green line.
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catalytic domain plays an important role in determining which
adenosines get edited to inosine.

While many diseases mentioned above are associated with
dysregulated ADAR activity, two disorders, Dyschromatosis
Symmetrica Hereditaria (DSH) and Aicardi-Goutiéres Syn-
drome (AGS), can be attributed to specific mutations mapped
to the ADARI gene. Additionally, most of the mutations of
these disorders map to the catalytic domain'®*° corroborating
the important role the catalytic domain has on identifying
RNA targets and efficiently editing these dsRNA sites. Patients
with DSH, commonly found in East Asian countries, display a
rare pigmentary genodermatosis, but are otherwise asymptom-
atic healthy individuals.”!

AGS is a severe childhood autoimmune disease that has a
genetic basis but also clinical and biochemical similarities to
congenital infection.”>** It is one of a broader set of inherited
disorders characterized by constitutive upregulation of type I
interferon (IFN) (ie., type I interferonopathies).”** AGS is
caused by mutations in multiple genes whose protein products,
including ADARI, are all involved in nucleic acid metabolism
or sensing, suggesting a variety of nucleic acid ligands trigger
the AGS-associated IFN response.”* Sensing nucleic acids that
are of viral origin and distinguishing these from host nucleic
acids is a key aspect of the human immune response. Recent
studies suggest the presence of increased levels of cytosolic dou-
ble stranded RNA arising from defects in ADARI activity

caused by AGS mutations leads to interferon induction.”>*°

Normal ADARI activity would create multiple IU mismatches
in these RNAs, preventing them from binding to the cytosolic
dsRNA sensor IFIH1 (also known as MDAS5).2¢?” While AGS
has also been linked to mutations in the TREX1, RNASEH2A,
RNASEH2B RNASEH2C, SAMHDI1 and IFIH genes,” this
review will focus on AGS-causing mutations mapped to the
ADARI1 deaminase domain and the likely consequences of
these mutations on RNA recognition by the deaminase domain.
There are currently no structures of ADARI available. How-
ever, the 400 residue ADAR1 and ADAR2 deaminase domains
are 39% identical and 59% similar in amino acid sequence
(Fig. 1B), indicating their overall structures will be very similar.
In addition, our recently determined crystal structure of human
ADAR2 deaminase domain complexed with dsRNA revealed
key RNA recognition elements on the deaminase domain sur-
face and provides a useful structural model for predicting the
effect of AGS mutations found in the ADAR1 deaminase
domain.”® Throughout this paper we will utilize the single-letter
amino acid code to designate ADARI numbering and the
three-letter code for ADAR2 numbering.

Structure of ADAR2 catalytic domain-RNA complex

The structure of human ADAR2 catalytic domain was first
determined in 2005 in the absence of any RNA substrate.” This

Figure 2. Overall ribbon view of hADAR2d complexed with dsRNA substrate. The protein is colored in the rainbow spectrum starting with blue at the N-terminus and
ending with red at the C-terminus. The secondary structure elements are labeled. RNA is colored in sand with the 8-azaN flipped out interacting with the Zn** ion, gray
colored sphere. IHP, which is mostly obscured in this view, is drawn as sticks. Numbers in red indicate equivalent hADART numbering.



structure determined the overall fold, the active site zinc ion,
and the unexpected presence of inositol hexakisphosphate
(IHP) buried in the protein core that likely helps stabilize the
active fold. We recently reported four crystal structures of the
human ADAR2 catalytic domain bound to 23 bp RNA
duplexes of different sequences each containing the nucleoside
analog 8-azanebularine (8-azaN) in place of adenosine at the
edited site.”® Upon bonding in the ADAR active site, 8-azane-
bularine becomes hydrated mimicking the proposed intermedi-
ate thus forming a tight-binding dsRNA-ADAR complex
amenable for structural studies.”*°

The dsRNA-ADAR structure revealed approximately 20 bp
of the dsRNA interacts with amino acid residues found entirely
on loops between secondary structural elements of ADAR
(Fig. 2). Both strands of RNA interact with ADAR with the
majority of the contacts mediated through the phosphodiester-
ribose backbone near the editing site. The overall RNA duplex
bends very little upon binding ADAR, however the width of
the major groove widens opposite the edited site, but is com-
pensated by the narrowing of the adjacent minor groove.

Strictly conserved Glu488 (ADAR2 numbering) pushes out
the edited base flipping it ~180° out of the RNA duplex into
the ADAR active site, where it interacts with the zinc ion
and the invariant active site residue Glu396. Glu488 is flanked
by conserved Glycine residues Gly487 and Gly489, allowing the
deep penetration of Glu488 into the RNA duplex minor groove,
forcing out the edited adenine and occupying the vacated space,
where it hydrogen-bonds to the orphan base on the opposite
strand (Fig. 3).

Comparing the ADAR2 RNA-bound structure to RNA-free
structure revealed the structures are very similar with a root-
mean-squared deviation (rmsd) of 0.296A for 296 equivalent
residues. The largest deviations occur in RNA-binding loops,
and a surface loop involved in a crystal lattice contact. More
importantly, the dsSRNA-ADAR?2 structure revealed the confor-
mation of a 17-residue loop (residues 458-474) that was disor-
dered in the RNA-free crystal structure (Fig. 3). Upon binding
dsRNA substrate, this loop becomes ordered because it partially
enters the major groove 5’ of the edited site, and interacts with
both strands of the RNA phosphodiester backbone. These resi-
dues are part of a larger loop (454-477), which we call the
ADAR-specific RNA-binding loop because, while conserved in
each ADAR family, the sequence varies between ADARI,
ADAR?2 and ADAR3 suggesting it may help dictate RNA sub-
strate specificity.

Mapping Aicardi-Goutieres syndrome (AGS) mutations
on the ADAR2-RNA complex structure

Of the eight AGS missense mutations identified in human
ADARI gene, seven of them map to the catalytic domain."”
Remarkably only three of the seven mutations map to locations
in the ADAR structure directly involved in RNA binding and
include mutants; R892H, K999N, and G1007R (Fig. 3). The
R892H mutant was identified as part of a double mutant with
P193A, which is located in the N-terminal Z-DNA/Z-RNA-
binding domain. Therefore, it is unknown if the R892H muta-
tion alone will confer AGS disease. R892 corresponds to Lys376
in ADAR2 that interacts with phosphates of nucleotides G13
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Figure 3. hADAR1 AGS-causing mutants mapped onto the hADAR2-dsRNA com-
plex structure. (A) The hADAR2 structure drawn as white-colored tube, with the
ADAR-specific RNA-binding loop colored in darker gray, which was disordered in
the hADAR2d RNA-free structure.* The hADAR?2 residues equivalent to the hADAR1
AGS-causing mutations are show in cyan with black labels. hADAR1 AGS-causing
mutations are labeled in red text, mapped onto the structure. Glu488, which
pushed out the edited base is drawn in green sticks, Zn>" ion in yellow sphere,
and IHP is dawn in sticks with magenta-colored carbons. (B) Space-filling represen-
tation rotated slightly with respect to (a).

and A14 adjacent to the edited base A12. Therefore, the conser-
vative substitution of R892H is expected to alter RNA orienta-
tion and positioning of the edited base, thereby possibly
reducing its catalytic efficiency. This mutation could also con-
ceivably change ADARI substrate specificity because subtle dif-
ferences in sequence-influenced RNA structure may affect
binding affinity at this site.

K999N AGS mutant of ADARI maps to GIn479 in the
ADAR?2 structure. This residue lies at the C-terminal end of the
ADAR-specific RNA-binding loop, much of which is
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structurally disordered in the absence of RNA.* In ADAR2 the
side chain of GIn479, which points away from the RNA, is near
the phosphate of U15 of the non-edited strand (i.e.,6 A away).
In ADARLI, it is likely K999 will interact with the RNA phos-
phate backbone at this location. Therefore, the K999N substitu-
tion found in the AGS mutant is expected to alter RNA binding
affinity and affect target RNA deamination efficiency.

G1007R is the most radical substitution found of all the AGS
causing ADARI1 mutants. ADARI G1007 maps to Gly487 of
ADAR?2, which immediately precedes the base-flipping residue
of Glu488. These residues are part of the invariant GEG triplet
sequence where the flanking glycines allow for the close
approach and intercalation of Glu488 in the minor groove of
RNA substrate and flipping out of the edited adenine base.
Consequently, mutating either glycine next to Glu488 will dras-
tically alter the enzymes ability to promote base flipping.
Indeed, the base-flipped conformation revealed in our ADAR-
RNA crystal structures would not be possible with the G1007R
mutation. This is consistent with activity studies indicating that
the G1007R mutation in ADARI blocks editing activity.'** Tt
is interesting to note that all the AGS patients carrying the
G1007R mutation are heterozygous,'® likely because of the del-
eterious consequence of this mutation, while AGS patients with
the other mutations are homozygous. Indeed, complete loss of
ADARI protein activity is embryonic lethal, so it is expected

that patients carrying highly inhibitory mutations would not be
homozygous.

Two of the AGS causing mutations that do not map to the
RNA interface are A870T and I872T. Like the R892H mutant,
both A870T and I872T mutants were identified as part of a
double mutant also with P193A," so it is unknown how large
of an effect the P193A mutant may have on AGS. Nevertheless,
both A870T and I872T lie on strand B1 and point toward and
interact with helix o2 (Figs. 3A, and 4). A870 of ADARI is
equivalent to Ala353 of ADAR2 and makes van der Waals con-
tact (3.5-4.0A) with the aliphatic portion of the essential cata-
Iytic residue, Glu396 (E912 of ADARI) (Fig. 4). Therefore, the
A870T mutation will change the disposition of the catalytic glu-
tamate residue altering catalytic deamination efficiency. The
I872T mutant lies further away from the active site, but 1872 of
ADARI can form a hydrophobic interaction with F919 and the
aliphatic portion of R916 on helix «2 (Fig. 4). ADARI active
site residue E912, along with the zinc ligand H910, lie at the N-
terminal end of helix o2, so the I872T mutant may also shift
the helix axis, altering catalytic activity. It is interesting to note
that conserved residues R916 and R917, which lie on the oppo-
site side of helix a2 near 1872, interact with IHP suggesting that
IHP may help position this helix for catalytic efficiency (Fig. 4).

The final two AGS-causing mutations, Y1112F and D1113H
do not map near the RNA interface or the active site. However,
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Figure 4. Close-up view of active site revealing the location of the two buried ADART AGS-causing mutations A870T and I872T (cyan) mapped on the hADAR2 structure.
Invariant catalytic residue Glu396/E912 hydrogen-bonds (orange dashed lines) with flipped-out edited base analog; 8-azaN. Zinc coordination is illustrated with yellow
dashed lines, and conserved Arginines of helix @2 that interact with IHP phosphates are shown with magenta dashed lines.
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and black, respectively.

these residues can be categorized as “second layer” mutations,
because they lie adjacent to RNA-interacting loops. These
mutations map to Ala587 and Glu588 of ADAR?2 respectively
(Fig. 5) and lie at the N-terminal side of the 89-$10 loop, which
is a long loop that extends across much of the protein on the
side facing the RNA (Fig. 2). Lys594 of ADAR2 (K1120 in
ADARI) lies at the C-terminal end of this loop and protrudes
in the major groove of the RNA substrate where it interacts
with phosphate of G5 of the complementary unedited strand
(Fig. 5). ADARI residue D1113 corresponds to Glu588 of
ADAR2, which forms a salt link with highly conserved Arg349
(R866 ADARI) in the o1-B1 loop (Fig. 5). Arg349 is adjacent
to Arg348, which like Lys594, also interacts with the phosphate
of G5 of the unedited strand. Interestingly, Arg348 is conserved
in the ADAR? family, but is actually a conserved Glycine in the
ADARI family (G865). However, on the other side of highly
conserved Arg349 (R866 ADARI) is Lys350 (K867 ADARI1),
which is conserved in all ADAR families. While this Lys350
does not directly interact with RNA substrate in the ADAR2-
RNA structure, it points toward the major grove and lies close
to the phosphate adjacent to the flipped-out 8-azaN. The
D1113H mutation in ADARI would disrupt the ion pair with
R866 and distort both the loop that contains K867 as well the
loop that contains D1113 and conserved R1116 that is directed
to the major groove of RNA (Fig. 5).

Lying next to D1113H in ADARI is another AGS-causing
mutation, Y1112F (Fig. 5). Y1112F maps to Ala587 in the
ADAR?2 structure. In ADAR2, the Ala587 side chain points
toward Glu461 in the ADAR-specific RNA-binding loop (gray-
colored main chain Fig. 5). These two residues in ADARI are
Y1112 and C976, which may contact each other either through
hydrophobic interactions or hydrogen bonding. The AGS-caus-
ing mutation of Y1112F could disrupt this interaction trigger-
ing a shift or rearrangement of the ADAR-specific RNA-
binding loop (Fig. 5). Thus, the Y1112F mutation may alter
RNA interactions resulting in less efficient deamination of nor-
mally targeted adenosines, or deamination of new adenosines
from a distorted ADAR-specific RNA-binding loop mediating
new RNA contacts.

Conclusions

Recently reported crystal structures of human ADAR2 deami-
nase domain bound to duplex RNA and the high degree of simi-
larity between the deaminase domains of ADAR1 and ADAR2
allows us to postulate consequences of AGS mutations found in
the ADARI1 deaminase domain. Importantly, besides G1007R,
which will prevent base flipping and block editing entirely, other
AGS mutations are expected to have more subtle effects on edit-
ing activity by creating conservative changes immediately at the
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protein-RNA interface (R892H, K999N), by altering the position
of an o-helix bearing an essential catalytic residue (I872T,
A870T) or by changing the positioning of RNA-binding loops on
the deaminase domain surface (Y1112F, D1113H). This analysis
is consistent with the observation that some level of editing activ-
ity is maintained for all mutants except G1007R.">** Further
structural studies of human ADARI in complex with RNA are
needed to test these predictions.
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