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ABSTRACT: ADAR2 is a member of a family of RNA editing
enzymes found in metazoa that bind double helical RNAs and
deaminate select adenosines. We find that when human
ADAR2 is overexpressed in the budding yeast Saccharomyces
cerevisiae it substantially reduces the rate of cell growth. This
effect is dependent on the deaminase activity of the enzyme,
suggesting yeast transcripts are edited by ADAR2. Character-
ization of this novel set of RNA substrates provided a unique opportunity to gain insight into ADAR2’s site selectivity. We used
RNA-Seq. to identify transcripts present in S. cerevisiae subject to ADAR2-catalyzed editing. From this analysis, we identified 17
adenosines present in yeast RNAs that satisfied our criteria for candidate editing sites. Substrates identified include both coding
and noncoding RNAs. Subsequent Sanger sequencing of RT-PCR products from yeast total RNA confirmed efficient editing at a
subset of the candidate sites including BDF2 mRNA, RL28 intron RNA, HAC1 3′UTR RNA, 25S rRNA, U1 snRNA, and U2
snRNA. Two adenosines within the U1 snRNA sequence not identified as substrates during the original RNA-Seq. screen were
shown to be deaminated by ADAR2 during the follow-up analysis. In addition, examination of the RNA sequence surrounding
each edited adenosine in this novel group of ADAR2 sites revealed a previously unrecognized sequence preference. Remarkably,
rapid deamination at one of these sites (BDF2 mRNA) does not require ADAR2’s dsRNA-binding domains (dsRBDs). Human
glioma-associated oncogene 1 (GLI1) mRNA is a known ADAR2 substrate with similar flanking sequence and secondary
structure to the yeast BDF2 site discovered here. As observed with the BDF2 site, rapid deamination at the GLI1 site does not
require ADAR2’s dsRBDs.

RNA editing reactions modify, insert, or delete nucleotides
and can change the coding properties of an RNA

molecule.1,2 Hydrolytic deamination of adenosine (A) in
RNA generates inosine (I) at the corresponding nucleotide
position. Since inosine is decoded as guanosine during
translation, this modification can lead to codon changes
(recoding) and the introduction of amino acids into a gene
product not encoded in the gene.3,4 Several recoding sites are
found in mRNAs for proteins important in the central nervous
system (CNS) such as glutamate receptors3 and serotonin
receptors.4 Recoding within these mRNAs contributes to the
protein structural diversity required for proper CNS function
and altered editing of these RNAs has been linked to CNS
disorders.5−10 Recent high-throughput sequencing efforts have
identified many other editing sites in the human transcriptome,
including a recoding site in the pre-mRNA for a DNA repair
enzyme.11,12 Furthermore, mutations in a gene encoding an
adenosine-to-inosine RNA editing enzyme have been linked to
the genetic autoimmune disorder Aicardi Goutieres Syndrome
and the inherited skin disease dyschromatosis symmetrica
hereditaria.13,14

Two different enzymes carry out A to I editing in humans,
ADAR1 and ADAR2. ADAR1 is expressed in a long form
(p150) that is interferon-induced and present in the nucleus
and cytoplasm, while a constitutively expressed short form
(p110) is found exclusively in the nucleus.15 ADAR2 is a
smaller protein with a different N-terminal domain structure.16

ADARs 1 and 2 are expressed in most tissues, whereas a related
protein referred to as ADAR3 is expressed exclusively in the
brain.17 To date, no editing substrate has been identified for
ADAR3. Although our understanding of the ADAR mechanism
and regulation has advanced in recent years,18−20 important
questions remain about the basis for substrate recognition and
the role of the different protein domains in directing the editing
reaction. ADARs recognize their RNA substrates, at least in
part, via double stranded RNA-binding domains (dsRBDs)
(Figure 1). The dsRBD typically spans two minor grooves at a
binding site made up of ∼16 base pairs.21−23 Protein contacts
are primarily at 2′-hydroxyls and phosphodiesters, making
binding largely insensitive to duplex sequence. ADAR1 has
three dsRBDs in its N-terminal RNA-binding domain whereas
ADAR2 has two dsRBDs (Figure 1). The presence of dsRBDs
in ADARs explains the requirement for double-stranded
secondary structure of a defined length in known RNA editing
substrates. However, the observed selectivity for certain
adenosines within a duplex substrate remains difficult to fully
explain and may be influenced by local sequence preferences of
the zinc-containing C-terminal deaminase domain (Figure 1).24

In addition, while a high resolution structure for the human
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ADAR2 deaminase domain has been reported, relatively little is
known about how this domain interacts with RNA or how
these interactions influence editing site selectivity.25

Here we describe a novel set of ADAR substrates discovered
in the budding yeast Saccharomyces cerevisiae. This discovery
arose from our observation of an effect on the growth rate of
yeast from overexpression of human ADAR2 (hADAR2). Our
results suggested this effect was due to editing within yeast
transcripts. Identifying edited regions in yeast transcripts could
reveal novel editing sequence and/or structural preferences for
ADAR2. Furthermore, once established, the approach could be
applied to the study of other editing enzymes. In addition,
we26,27 and others28,29 have used ADAR2-catalyzed editing of
reporter constructs in yeast to carry out functional screens of
ADAR mutants, so it was important to define the extent of
editing within endogenous yeast transcripts resulting from
expression of the human enzyme. Therefore, we used whole
transcriptome sequencing (RNA-Seq.) to identify yeast tran-
scripts exhibiting A to I changes catalyzed by hADAR2.
Substrates identified include both coding and noncoding RNAs.
Three S. cerevisiae RNAs, in particular, the BDF2 mRNA as well
as the U1 and U2 snRNAs, were efficiently modified by
hADAR2. Analysis of the RNA sequence surrounding the yeast
hADAR2 sites revealed a previously unrecognized sequence
preference for this enzyme. Remarkably, rapid deamination
(single turnover kobs > ∼3 min −1) at the BDF2 mRNA site,
whose flanking sequence perfectly matches the preferred
consensus, does not require ADAR2’s dsRBDs, indicating the
sequence preference is a property of the catalytic domain alone.
Furthermore, we determined that the human ADAR substrate
GLI130 mRNA is also rapidly edited by the hADAR2 catalytic
domain in the absence of dsRBDs.

■ MATERIALS AND METHODS
Yeast Strains and Plasmids. Saccharomyces cerevisiae

strains INVSc1 (MATa/MATα, his3Δ1/his3Δ1, leu2/leu2,
trp1−289/trp1−289, ura3−52/ura3−52), BCY123 (MATa,
CAN1, ade2, trp1, ura3−52, his3, leu2−3, 112, pep4::HIS+,
prb1::LEU+, bar1::HisG+, lys2::pGAL1/10-GAL4+), BY4743
(MATa/a, his3Δ1/his3Δ1, leu2Δ0/leu2Δ0, lys2Δ0/LYS2,
MET15/met15Δ0 , ura3Δ0/ura3Δ0 , bdf 2 : :kanMX4/
bdf 2::kanMX4), and BY4743 (MATa/MATα, his3Δ 0/his3Δ
0, leu2Δ /leu2Δ 0, met15Δ 0/MET15, LYS2/lys2Δ 0, ura3Δ 0/
ura3Δ 0) were used. The two BY4743 strains were acquired
from EUROSCARF (acc. no. Y33767 and Y20000). pYES3/CT
(Invitrogen) containing the hADAR2 substrate modified
human glutamate receptor B editing substrate (GluR B)
upstream of the α-galactosidase coding sequencing and
YEpTOP2PGAL1 plasmids encoding hADAR2 wild type,
hADAR2 R455S T375S, hADAR2 R455S T375G, hADAR2
R455G T375S, hADAR2 E396A, and hADAR2 deaminase
domain (aa306−701, hADAR2-D)26 were prepared as
described previously.25 Full length BDF2 and HAC1 cDNA
was generated using the Access RT-PCR Kit (Promega) using
total RNA extracted from INVSc1 using RiboPure-Yeast
(Ambion). The following primers were used to amplify full
length BDF2: 5′-AACCGGATCCGGCAATGTCTCGTAC-
TAACATG-3′ and 5′-CCATTCTCGAGTGTTAATCACTG-
TCACTGTCG-3′. The following primers were used to amplify
full length HAC1: 5′CAACAAGGATCCACATGGAAAT-
GACTG-3′ and 5′-CTTGCGCTCGAGTTCATGAAGTGAT-
GAAG-3′. BDF2 and HAC1 cDNA was inserted into linearized
pYES3/CT and ligated using Quick Ligation Kit (New England
Biolabs). Ligation product was used to transform XL 10 gold
Escherichia coli (Agilent). Bacteria colonies were harvested and
grown in Luria−Bertani (LB) ampicillin selective media

Figure 1. (A) Domain maps of human ADAR proteins, including hADAR2-D, a truncation mutant featuring only the deaminase domain. (B) Model
of hADAR2 constructed from the crystal structure of hADAR2 deaminase domain25 and NMR structures of its dsRBDs.62
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overnight at 37 °C with shaking. Plasmid DNA was isolated
using a QIAprep Spin Miniprep kit (Qiagen). cDNA insertion
was confirmed by Sanger sequencing. The 192 bp truncation of
BDF2 incorporating the BDF2 editing site was subsequently
generated via PCR amplification with Phusion High-Fidelity
DNA Polymerase (New England Biolabs) using the full-length
BDF2 plasmid as the template. The following primers were
used to amplify the 192 bp truncation of BDF2: 5′-
GCACATGGATCCGCAATGCCACCAAG-3′ and 5′-
CACTGCCTCGAGTTTGGGTGGATG-3′. The 192 bp
BDF2 DNA was subsequently inserted into pYES3/CT,
amplified, and sequenced as described above. Yeast cells were
transfected with plasmids using a lithium acetate protocol.
pYES3/CT transformants were selected for on complete media
(CM) −tryptophan +2% glucose plates, YEpTOP2PGAL1
transformants were selected for on CM −uracil +2% glucose
plates, and double transformants were selected for on CM
−uracil −tryptophan +2% glucose plates. A to G, A to C, and A
to U changes at site 807 in BDF2 RNA were subsequently
generated in pYES3/CT using QuikChange II XL Site-Directed
Mutagenesis Kit (Agilent) and confirmed via Sanger sequenc-
ing.
Deamination Assays with hADAR2 Mutants. For

determining the deamination activity of various hADAR2
mutants compared in the growth assays, a 27 nt RNA duplex
incorporating the GluR B R/G editing site radiolabeled with
[γ-32P] at the edited adenosine was prepared as described
previously.31 The final product consisted of 5′-CAUUAAGGU-
GGGUGGAAUAGUAUAACA-3′ in duplex with 5′-UGUUA-
UAGUAUCCCACCUACCCUGAUG-3′ (Glu R/G site in
bold). Single turnover deamination reactions were carried out
with 266 nM hADAR2 and 27 nM RNA substrate in 15 mM
Tris-HCl, pH 7.1, 3% glycerol, 0.5 mM DTT, 60 KCl, 1.5 mM
EDTA, 0.003% NP-40, 160 units/mL RNasin, and 1.0 μg/mL
yeast tRNAPhe. Reactions were incubated at 30 °C for varying
times and were quenched by the addition of 0.5% SDS at 95
°C. The RNA substrates were subsequently digested with P1
nuclease. The resulting mononucleotide mixtures were resolved
using thin-layer chromatography (TLC), visualized by exposure
to storage phosphor imaging plates (Kodak), and analyzed by
volume integration using the ImageQuant and KaleidaGraph
software as described previously.31

RNA-Seq. INVSc1 hADAR2 wt + GluR B and hADAR2
E396A + GluR B were generated using a lithium acetate
protocol. Yeast was initially grown from a single colony in CM
−uracil −tryptophan +2% glucose media at 30 °C with shaking
for 24 h. Following incubation, 1 mL of the initial cultures was
pelleted, washed twice in ddH2O, and resuspended in CM
−uracil −tryptophan +3% galactose to induce expression.
Galatose cultures were grown at 30 °C with shaking for 48 h. In
order to prevent a stress response in the yeast, cell count was
periodically estimated by measuring the optical density at 600
nm (OD600) of the cultures in a Beckman DU7400 diode array
spectrophotometer. If the OD600 rose above 1.5 the culture was
diluted with additional media. Total RNA was extracted using
RiboPure Yeast (Ambion).
Total RNA (5 μg) of was used to prepare the libraries. The

Illumina mRNA sample preparation kit was used according to
the manufacturer’s instructions. Following library quantifica-
tion, the library was plated onto a single read flow cell for
sequencing on an Illumina Genome Analyzer IIx. Sequencing
was carried out for 40 cycles. Cluster formation was carried out
with version 2 reagent kits and sequencing with version 3

sequencing kits from Illumina, all manipulations done
according to manufacturer’s instructions. Image analysis and
base calling was performed during the sequencing run using
RTA 1.5. The subsequent alignments were carried out with
version 1.5 of the Genome Analyzer Pipeline using the S.
cerevisiae genome (version SGD/sacCer2, June 2008 Assembly)
from the UCSC Genome Browser (http://genome.ucsc.edu) as
a reference.
Edited sites were confirmed by amplifying ∼300 base pair

cDNA products from either total RNA of INVSc1 expressing
hADAR2 wt and hADAR2 E396A (growth and induction as
described above) using the Access RT-PCR Kit (Promega) or
total RNA of INVSc1 incubated in the presence of 1.5 μM of
hADAR2 and hADAR2 E396A for 4 h under the conditions
described in the deamination assay above (each reaction
containing 1 μg RNA) and subjecting them to Sanger
sequencing. Sequencing data was quantified using ImageJ.
The following primers were used to amplify cDNA
incorporating BDF2 position 807: 5′-GCAATGCCACC-
AAGAGTTTTACCCGC-3′ and 5′-GCAATCGGATCAACA-
GGTTGTAAAAAGGG-3′. The following primers were used to
amplify cDNA incorporating U1 snRNA position 235: 5′-
TCAGAGGAGATCAAGAAGTCC-3′ and 5′-GAAAGGCCC-
CAGCTCCCC-3′. The following primers were used to amplify
cDNA incorporating U2 snRNA position 512: 5′-CCGAG-
CCGTTTATGTCCAACGCGGG-3′ and 5′-CCCCACCCT-
ACACCCCCTCAAACC-3′. The following primers were used
to amplify cDNA incorporating the RL28 predicted editing site:
5′-GGAAGAGGGAATGAAAGAACC-3′ and 5′-GACAAAGG-
CTATGCACACTTTCT-3′. The following primers were used
to amplify cDNA incorporating 25S rRNA position A2104: 5′-
GAGGGCCTTGGTCAGACGCAGC-3′ and 5′-GTCATAGT-
TACTCCCGCCGTTTACC-3′. The following primers were
used to amplify cDNA incorporating HAC1 editing sites: 5′-
CGTGGTTCTCTGATGGGGGAGGAGCC-3′, 5-CCTCC-
TCCCCCACCTACGACAACAACCG-3′ and 5′-GTTG-
AAAAGCTGCCCAACCTAAGG-3′.

Growth Assays. Liquid Media Assays. The following
INVSc1 strains were grown in permissive media at 30 °C with
shaking: hADAR2 wt + BDF2, hADAR2 wt + GluR B,
hADAR2 T375S R455S + GluR B, hADAR2 T375S R455G +
GluR B, hADAR2 T375G R455S + GluR B, hADAR2 E396A +
BDF2, hADAR2 E396A + GluR B, hADAR2 wt + HAC1,
hADAR2 E396A + HAC1, hADAR2 wt + pYES3/CT (empty),
and hADAR2 E396A + pYES3/CT (empty). The following
BDF2 knockout strains were grown in permissive media at 30
°C with shaking: BY4743 bdf 2::MX4 + hADAR2 wt and
BY4743 bdf 2::MX4 + hADAR2 E396A. The following strains
were grown in permissive media at 30 °C with shaking: BY4743
+ hADAR2 wt and BY4743 + hADAR2 E396A. Cell density
was estimated by measuring the OD600. All cultures were
washed twice in ddH2O prior to taking their OD600.

Solid Media Assays. Cultures were pelleted, washed twice in
ddH2O, and resuspended in ddH2O to OD600 1.0 (∼3 × 107

cells per mL). Serial dilutions of the yeast cultures were spotted
(3 μL per spot) on CM −uracil −tryptophan +3% galactose or
CM −uracil +3% galactose plates; duplicate CM −uracil
−tryptophan +2% glucose or CM −uracil +2% glucose plates
were prepared in each assay. After the spots had been absorbed
into the agar media the plates were incubated at 30 °C. Images
of the plates were taken with a Fujifilm FinePix Z20fd digital
camera.
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Immunoblotting and Analysis. INVSc1 transfected with
GluR B R/G and hADAR2 mutants or empty vector
(YEpTOP2PGAL1) were incubated overnight in CM −uracil
−tryptophan +2% glucose at 30 °C with shaking. Following
incubation, 1 mL volumes of the cultures were washed twice in
ddH2O, resuspended in 27 mL of CM −uracil −tryptophan
+3% glycerol/lactate, and grown for 16 h at 30 °C with shaking.
Expression was induced by adding 3% galactose to cultures. Six
hours following the introduction of galactose, cell count was
estimated by taking the OD600 of the cultures. The yeast cells
were then pelleted and stored at −80 °C. Cell lysates were
prepared as described previously.32

Crude extracts and purified hADAR2 wt protein were
subjected to SDS-PAGE and immunoblot. Blots were initially
probed using polyclonal rabbit antibodies specific to hADAR2
and goat antirabbit antibodies conjugated with alkaline
phosphatase (Santa Cruz Biotechnology), visualized, and then
reprobed using monoclonal mouse antibodies specific to yeast
phosphoglycerate kinase (3-GPK) (Molecular Probes) and goat
antimouse antibodies conjugated with alkaline phosphatase
(GE Healthcare). Blots were incubated in ECL reagent and
visualized on a Molecular Dynamics Typhoon 9400 or
Typhoon FLA 9000. Bands were quantified and analyzed
using ImageQuant software. Results were normalized to 3-GPK
levels.
Overexpression and Purification of hADAR2 and

hADAR2-Derived Mutants. N-terminal histidine-tagged
hADAR2 wt, hADAR2-D, and all mutant hADAR2 proteins
were expressed in Saccharomyces cerevisiae strain BCY123 and
purified as described previously33 with the following
modifications. Proteins were not eluted through a heparin ion
exchange column following Ni-NTA agarose column purifica-
tion. Protein concentrations were estimated using BSA
standards visualized by SYPRO Orange staining of SDS-
polyacrylamide gels. Purified proteins were stored in 20 mM
Tris-HCl, pH 8.0, 100 mM NaCl, 20% glycerol, 1 mM 2-
mercaptoethanol at −80 °C.
Sequence Alignment. Candidate transcript sequences

were analyzed using the WebLogo program34 (http://
weblogo.berkeley.edu/). The sequence logo was generated
from 7 nt upstream and downstream the 19 edited sites
identified in S. cerevisiae.
Evaluation of Second Nearest Neighbor Preference in

Vivo. INVSc1 strains hADAR2 wt + BDF2, hADAR2 wt + bdf 2
A807G, and hADAR2 E396A + BDF2 were initially grown from
a single colonies in CM −uracil −tryptophan +2% glucose
media at 30 °C with shaking for 24 h. Following incubation, 1
mL of the initial cultures were pelleted, washed twice in
ddH2O, and resuspended in CM −uracil −tryptophan +3%
galactose to induce expression. Galactose cultures were grown
at 30 °C with shaking for 48 h. Total RNA was then extracted
using RiboPure-Yeast (Ambion). This was repeated three times
(n = 3).
Edited sites were confirmed by amplifying ∼300 base pair

cDNA products from total RNA using the Access RT-PCR Kit
(Promega). cDNA products were sequenced using Sanger
sequencing and quantified using ImageJ.
In Vitro Transcription of RNA. A truncation of BDF2

incorporating 93 bps upstream and 98 bps downstream of the
edited site was amplified from full length BDF2 plasmid and
inserted into pYES3/CT (Bdf200). Bdf200 was subsequently
subjected to site-directed mutagenesis to generate A to C, A to
G, and A to U 3′ next-nearest neighbor mutants (bdf200

nnnAC, bdf200 nnnAG, and bdf200 nnnAU). Bdf200 plasmids
were linearized using XhoI (New England Biolabs) and used as
templates to generate 232 nt bdf 2 RNAs via in vitro
transcription. A ∼350 RNA substrate derived from 5-HTSer2cR
was prepared as described previously.35 A truncation of GluR B
incorporating 70 nt upstream and 58 nt downstream of the
edited adenosine was amplified from the Glu R B reporter
plasmid described previously26 and inserted into pYES/CT.
The plasmid containing the truncated GluR B sequence was
subsequently subjected to site-directed mutagenesis to change
the editing site’s 3′ next nearest neighbor from G to A and the
neighbor’s base-pair partner from C to T (GluR B G2292A,
C2335T). Both GluR B plasmids were linearized using XhoI
(New England Biolabs) and used as templates to generate 192
nt GluR B RNAs via in vitro transcription. A truncation of hGLI
incorporating 81 bp upstream and 65 bp downstream of the
editing site was amplified from genomic DNA derived from
HeLa cells (ATCC) using the following primers: 5′-GTCG-
ATTAATACGACTCACTATAGGGACAGAACTTTGA-
TCCTTACCTCC-3′ and 5′-CATATAGGGGTTCAGAC-
CACTG-3′. This truncation was subsequently used as a
template to generate 150 nt hGLI1 RNA via in vitro
transcription. The transcription reactions were run for 3−5 h
at 37 °C and contained 30 ng/μL template, 40 mM Tris-HCl
pH 7.9 at room temperature, 10 mM NaCl, 6 mM MgCl2, 2
mM spermidine, 10 mM DTT, 1 units/μL RNasin Plus RNase
Inhibitor (Promega), 0.5 mM NTPs, and 0.4 units/μL T7 RNA
polymerase (Promega). Transcribed RNAs were purified by
denaturing polyacrylamide gel electrophoresis and visualized
using UV shadowing. RNA bands were excised from the gel,
crushed, and soaked overnight at 4 °C in 0.5 M NH4OAc, 0.1%
SDS, and 0.1 mM EDTA. Polyacrylamide fragments were
removed using a 0.2 μm Centrex filter (Whatman) followed by
phenol-chloroform extraction and ethanol precipitation. The
RNA solutions were lyophilized to dryness, resuspended in
nuclease-free water, quantified by absorbance at 260 nm and
stored at −80 °C. The RNAs were later heated at 95 °C for 5
min and then slowly cooled to room temperature in 10 mM
Tris-HCl, 0.1 mM EDTA pH 7.5, 100 mM NaCl to allow them
to refold.

In Vitro Deamination Kinetics. Deamination reactions
were carried out under the conditions described above with the
following modifications. The final volume of each reaction was
20 μL and concentrations of 10 nM RNA and 150 nM
hADAR2 or hADAR2-D were used unless otherwise indicated.
Reactions were quenched by adding 180 μL of 95 °C nuclease-
free water followed by incubation at 95 °C for 1 min.
Deaminated RNA was purified by phenol−chloroform
extraction and ethanol precipitation. The RNA solution was
lyophilized to dryness and resuspended in 200 μL nuclease free
water. cDNA was generated from deaminated RNA via RT-
PCR, Sanger sequenced, and quantified using Chromas Lite
(Technelysium) and ImageJ. The kobs (min

−1) of each assay
was calculated as described previously36 using the ratio G/A+G
as fraction product.

■ RESULTS
ADAR2 Deaminase Activity Is Responsible for a Slow

Growth Effect in S. cerevisiae. Spotting assays demonstrated
that the S. cerevisiae strain INVSc1 exhibits a reduced growth
rate when transfected with hADAR2 expression plasmid and
grown in inducing media (i.e., in the presence of galactose)
(Figure 2A). This effect is not observed for INVSc1
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overexpressing the inactive hADAR2 mutant E396A or the
empty parent vector (YEpTOP2PGAL1). Liquid culture

growth assays demonstrated a negative correlation between
the rate constant for deamination by various hADAR2 mutants

Figure 2. Yeast growth is slowed by expression of deaminase active human ADAR2. (A) Spotting analysis of INVSc1 transformed with hADAR2 wt,
inactive hADAR2 mutant E396A or empty vector. (B) In vitro deamination rate constants of hADAR2 wt (kobs = 1 ± 0.2 min−1) and the mutants
hADAR2 T375S R455S (SS, kobs = 0.062 ± 0.001 min−1), hADAR2 T375S R455G (SG, kobs = 0.035 ± 0.008 min−1), hADAR2 T375G R455S (GS,
kobs = 0.016 ± 0.003 min−1), and hADAR2 E396A (kobs = 0 min−1).63 Error represents standard error (n = 3). (C) Growth assay tracking cell count
(estimated via OD600) over time. Yeast were transfected with hADAR2 variants and grown in galactose liquid media with shaking at 30 °C. Error
represents standard error (n = 3). (D) Western blot analysis of whole cell lysates from cultures expressing hADAR2 mutants. Purified ADAR2 lanes
contained 10 μL of 250 nM hADAR2 prepared as described previously33 and negative control lanes (-con) contained whole cell lysate from INVSc1
cells transformed with the empty hADAR2 vector (YEpTOP2PGAL1) and GluR B R/G. Densitometric values were normalized to 3-GPK levels.
Error represents standard error (n = 3).

Table 1. ADAR2 Sites in S. cerevisiae Strain INVSc1 from RNA-seq Analysis

position edited region G/G+A transcript

ChrII: 278,998 5′-TCTATACTTTAACGTCAAGGA-3′ 15% GAL1 (5′-UTR)
ChrII: 278,999 5′-CTATACTTTAACGTCAAGGAG-3′ 11% GAL1 (5′-UTR)
ChrII: 680,804 5′-GCATCAAGAAACGGACTTGAT-3′ 49% U2 snRNA (A1054)
ChrII: 680,826 5′-AGGGATTTGAAGAATGCCGGC-3′ 78% U2 snRNA (A1032)
ChrII: 680,853 5′-CCTATGTCATAGAGGCGTTTT-3′ 83% U2 snRNA (A1004)
ChrII: 681,346 5′-GGGCGCTCTTATTGTTGATTT-3′ 89% U2 snRNA (A512)
ChrIV: 331,829 5′-ACTTGTCATTAGACGTTCAGT-3′ 63% BDF2 (coding R269G)
ChrVI: 75,228 5′-GAACTTGGCTATCCCTACCAA-3′ 16% HAC1 (coding I18 V)
ChrVI: 75,995 5′-GGTTATTGGAAGCTTTCTTTT-3′ 19% HAC1 (intron)
ChrVI: 76,061 5′-CTTATTACTAAGAAATGGACG-3′ 13% HAC1 (intron)
ChrVI: 76,276 5′-GTGCTTACTCAACCGAAGAAG-3′ 14% HAC1 (3′UTR)
ChrVI: 76,404 5′-GGCTGCAAGGAGCAAGACTGG-3′ 23% HAC1 (3′UTR)
ChrVII: 311,091 5′-TGTGCAACCAATATGTCGTGT-3′ 45% RL28 (intron)
ChrXII: 453,079 5′-CGATCAACTTAGAACTGGTAC-3′ 15% 25 S rRNA (A2104)
ChrXIII: 634,284 5′-TTATTATTCGAGACCGCTTTG-3′ 10% HSC82 (coding E644G)
ChrXIV: 230,439 5′-TTTTTGGGTTAAACTGATTTT-3′ 59% U1 snRNA (A235)
ChrXIV:230,607 5′-TTCCAATAGTAGAAGGACGTT-3′ 35% U1 snRNA (A67)
ChrXIV: 230,471a 5′-ATCATTGGTTAATCCCTTGAT-3′ 59% U1 snRNA (A203)
ChrXIV:230,470a 5′-TCATTGGTTAATCCCTTGATT-3′ 20% U1 snRNA (A204)

aSite was not predicted in the whole transcriptome sequencing screen; it was observed while confirming candidate sites. G/G+A for these sites are
observed values.
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in vitro (Figure 2B) and the growth rate of cells expressing
those mutants (Figure 2C). This effect was not a result of
differences in expression levels for these mutants as indicated
by Western blotting analysis of whole cell lysates (Figure 2D).
Thus, overexpression of human ADAR2 slows the growth of S.
cerevisiae and this effect appears to be due to the deaminase
activity of the enzyme.
ADAR2 Targets Select RNAs and Sites in S. cerevisiae.

We hypothesized that this slow growth phenotype is a product
of hADAR2 editing one or more RNA molecules in yeast. The
effect was unlikely to be due to RNA binding by hADAR2
alone, since deaminase domain mutants with intact RNA-
binding domains showed varying degrees of growth inhibition
correlating with deaminase activity (Figure 2B,C). To identify
transcripts in S. cerevisiae that are edited by hADAR2,
transcriptomes of INVSc1 overexpressing wild-type or inactive
hADAR2 were sequenced using RNA-Seq. with an Illumina
Genome Analyzer.37 A site-by-site comparison was used to
screen for A to G changes due to the presence of active
hADAR2. Candidate sites were identified that had at least 50
reads of A in the control sample (deaminase inactive hADAR2
expressed) AND 50 reads of G in the wild type hADAR2
sample (Supporting Information (SI) Table S1) where the % G

was <2% for the control and >10% for hADAR2 (i.e., at least a
5-fold increase in G to A ratio). Of the 475,736 adenosine
positions identified with at least 50 reads in the control sample,
10 sites satisfied the above-mentioned criteria for a candidate
editing site (0.002%). We also analyzed T to C changes for
positions in the reference genome complementary to the RNA
transcript using the same criteria for an additional seven sites
out of the 477,215 T sites identified (0.001%) (SI Table S2).
Thus, the analysis led to the identification of 17 candidate sites
for ADAR2-catalyzed adenosine deamination in S. cerevisiae
transcripts (Table 1). These sites were found on eight
transcripts with three in ORFs encoding proteins. Substituting
a G for an A at all three of the sites in ORFs would result in an
amino acid substitution in the protein encoded. Sanger
sequencing was used to confirm A to G hits identified in the
RNA-Seq. screen. Sequencing of ∼300 bp RT-PCR products
containing predicted edited sites amplified from yeast over-
expressing active or inactive ADAR2 confirmed A to G changes
in BDF2 mRNA, RL28 intronic RNA, U1 snRNA, and U2
snRNA (Figure 3). Two additional editing sites were identified
in the U1 snRNA during the Sanger sequencing follow-up
analysis that were not found in the original RNA-Seq data set
(Table 1). Interestingly, these adenosines are predicted to be in

Figure 3. Confirmation of hADAR2 sites in yeast using Sanger sequencing. Sequencing traces for RT-PCR products amplified from total RNA
extracted from INVSc1 transfected with expression plasmids for hADAR2 wt and hADAR E396A (inactive). Edited adenosines are indicated by a
black arrow.

Figure 4. RNAs identified as hADAR2 editing substrates in INVSc1 with published secondary structures.43−45 Edited adenosines are colored red.
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proximity to one of the RNA-Seq sites (A235; see below and
Figure 4) in the U1 structure. Because Sanger sequencing may
lack the sensitivity to detect some low-frequency single base
substitutions38,39 we took total RNA derived from INVSc1,
incubated it in the presence of 1.5 μM hADAR2 wt or hADAR
E396A for 4 h and sequenced their RT-PCR products. We were
able to confirm two additional predicted editing sites within the
HAC1 3′ UTR and 25S rRNA (SI Figure 1).
ADAR2 binding and editing preferences are still not

completely understood. The edited transcripts from yeast
represent a novel set of ADAR2 substrates that could prove
useful in further defining ADAR2 editing specificities. Factors
that govern whether or not a given RNA molecule will be
targeted by ADAR2 for editing include the transcript’s
sequence and secondary structure.40−42 For some of the
ADAR2 sites discovered here, secondary structures have been
reported for the RNAs near the target sites (U1 A67, U1 A235,
HAC1 3′ UTR sites, and 25S rRNA A2104) (Figure 4).43−45

Regions containing the deamination sites for the remainder of
targeted transcripts were analyzed using mFold (http://mfold.
bioinfo.rpi.edu/) generating predicted secondary structures for
these RNAs (SI Figure 2). Generally, the targeted regions are
predicted to be within or adjacent to base paired structure as
expected for ADAR substrates. However, there is substantial
variability in the predicted secondary structure context of the
editing site adenosine itself.
ADAR2 Substrates in Yeast Reveal Next-Nearest

Neighbor Preferences. The sequences surrounding the 19
different sites identified were also analyzed for preferred
nucleotides (Figure 5A).34 A preference for an A or U 5′ to the

edited site and G immediately 3′ to the edited nucleotide was
observed in the alignment, consistent with reported nearest
neighbor preferences for hADAR2.25,41 However, there
appeared to be additional preferences for a U two nucleotides
to the 5′ of the editing site (5′ next-nearest neighbor) and for
an A two nucleotides 3′ of the edited site (3′ next-nearest
neighbor) in these yeast substrates. Prior reports on ADAR
sequence preferences had not identified these next-nearest
neighbor preferences for ADAR2.25,41,42 Interestingly, two
unrelated transcripts (BDF2 mRNA and 25S rRNA) have
editing sites that fall within the five nucleotide sequence 5′-
UUAGA-3′ that matches the consensus preferred flanking
sequence. Four more transcripts have editing sites in locations
that differ from the 5′-UUAGA-3′ sequence by only one base
(U2 A1032, HAC1 A885, U1 A235, and U1 A67) (Figure 5B).
The only invariant nucleotide in this group besides the editing
site is the A two nucleotides to its 3′ side. This analysis was
carried out using sites identified using our criteria of at least a 5-

fold increase in G to A ratio at the site from the presence of wt
hADAR2. When a lower stringency threshold of a 4-fold ratio
was used (25 sites), a similar flanking sequence preference was
observed whereas a 3-fold ratio threshold (36 sites) showed
only the known 5′-(U/A)AG-3′ preference (SI Figure 3).
To test whether or not the presence of a 3′ next-nearest

neighbor A could influence editing efficacy in an ADAR2
substrate, we mutated this A to G in the BDF2 sequence. The
resulting plasmid (bdf 2 A807G) was transformed into yeast
also expressing wild type hADAR2. Total RNA was isolated
from yeast expressing hADAR2 wt + BDF2, hADAR2 wt + bdf 2
A807G, and ADAR2 E396A + BDF2 following galactose
induction for 48 h. cDNA fragments for BDF2 containing the
edited site were generated from the total RNA and subjected to
Sanger sequencing (Figure 6A). Subsequent analysis revealed a
reproducible approximately 20% decrease in editing efficiency
in bdf 2 A807G relative to BDF2 wt (Figure 6B). The editing
efficiency at the A805 site appears lower here compared to that
measured for the endogenous BDF2 message (Figure 3).
However, this is likely a result of overexpression of the BDF2
transcript and the resulting effect on hADAR2 activity (see
below). To further characterize the interaction between
hADAR2 and the BDF2 RNA, we generated a DNA template
that would allow for transcription of 200 nt surrounding the
BDF2 A to I site (see Materials and Methods). In vitro RNA
editing assays confirmed this RNA supports ADAR2-catalyzed
deamination at the identified site (Figure 6, SI Figure 4).
Indeed, this is an excellent ADAR2 substrate given the observed
rate of deamination under single turnover conditions (kobs =
0.77 ± 0.09 min−1).31,46 Furthermore, when the 3′ next-nearest
neighbor A is mutated to G, C, or U in this substrate, decreases
in the hADAR2 deamination rate constant are observed, further
highlighting the importance of adenosine at this location in the
substrate RNA (Figure 6D). Interestingly, when an A was
introduced to replace a 3′ next-nearest neighbor G in the well-
characterized ADAR2 substrate GluR B R/G site RNA, no
statistically significant enhancement in rate was observed (SI
Figure 5), indicating a 3′ next-nearest neighbor A contributes to
the reaction in some RNAs but not others (see below and
Discussion).

BDF2-Derived RNA is an Excellent Substrate for the
Isolated hADAR2 Deaminase Domain. We noted above
that the 5′ and 3′ nearest neighbor preferences for ADAR2 had
been previously reported.37 These were defined by analyzing in
vitro deamination efficiencies at different adenosine positions in
perfectly matched duplex RNAs.24 That approach did not reveal
the next-nearest neighbor preferences described here. It may be
the case that next-nearest neighbor effects are less important in
determining editing efficiency at different sites when the edited
adenosine resides in a perfectly matched duplex and are only
apparent for more highly structured RNAs. Interestingly, our
secondary structure analysis suggests the edited adenosine is in
different structures for the sequence-related substrates identi-
fied here. For instance, the 25S substrate has the editing site
near the middle of a perfectly matched six base pair stem
whereas other substrates have the editing site in loops (e.g., U1
A67, U2 A1005, BDF2). This variability in secondary structure
context for the editing sites suggested that the sequence
preference may not be a function of the RNA-binding domain.
Rather, the preferred sequence may constitute a contact surface
for the catalytic domain, perhaps at a step in the reaction after
initial binding and RNA conformational changes.20 To test this
idea, we carried out deamination reactions with the 200 nt

Figure 5. Analysis of yeast substrates reveals 3′ next nearest neighbor
preference for adenosine. (A) WebLogo analysis of the hADAR2
edited transcripts in INVSc1 identified in the RNA-Seq. screen.32 The
sequence logo incorporates seven nucleotides 5′ and 3′ to the 19
edited sites from Table 1. (B) Alignment of six hADAR2 substrates
found in S. cerevisiae closely related by sequence flanking the edited A.
Red indicates editing site. Green indicates deviation from the sequence
5′-UUAGA-3′.
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BDF2-derived RNA and either hADAR2 or hADAR2-D, the
isolated catalytic domain of human ADAR2 lacking the N-
terminal dsRBDs (Figure 1). Remarkably, the BDF2 RNA is
deaminated more rapidly by hADAR2-D than by the full-length
protein at 150 nM enzyme concentration (Figure 7A and B).
Indeed, the single turnover reaction of hADAR2-D with the
200 nt BDF2-derived substrate RNA is too fast to be measured
under these conditions using standard pipetting techniques
(kobs > ∼3 min.−1) (Figure 7B, Table 2). Efficient reaction of
hADAR2-D with this substrate occurs at lower concentrations
as well with nearly 50% editing observed after 10 min at 10 nM
enzyme concentration (Figure 7C). This is in stark contrast
with other substrates studied in our lab, including the GluR B
Q/R site47 and the 5-HT2cR D site (see Figure 8) where
ADAR2’s RNA-binding domain is required for efficient
reaction. We also performed assays using hADAR2-D with
200 nt BDF2-dervied RNA where the 3′ next-nearest neighbor
of the edited adenosine had been mutated from A to G (see
above) and there was a reduction in its deamination rate
relative to the original transcript (Table 2) as previously
observed with hADAR2 (Figure 6D).
Human Transcript of GLI1 is Rapidly Edited by

hADAR2 Catalytic Domain. The high single turnover rate
observed for BDF2 RNA with hADAR2-D indicated that the
deaminase domain is capable of binding and editing the
transcript independently of the dsRBDs. Indeed, the presence
of the dsRBDs appeared to slow the deamination reaction
(Figure 7B). We hypothesized that this may be because the
region surrounding the BDF2 editing site is predisposed to bind
and interact with the deaminase domain active site. This would
suggest other hADAR2 substrates with a similar sequence and
secondary structure may also be rapidly edited by hADAR2-D.
The transcription factor glioma-associated oncogene 1 (GLI1)
is an effector of sonic hedgehog signaling.48,49 It has been

identified as a target of hADAR1 and hADAR2.30 The region
surrounding the edited adenosine in the hGLI transcript shares
some similarities to BDF2 RNA; it is flanked by U and GA on
its 5′ and 3′ sides, respectively, and is located opposite a C in a
loop (Figure 8A). To determine whether hADAR2-D can also
rapidly edit hGLI1 RNA, we carried out deamination reactions
with a 150 nt hGLI1-derived RNA substrate using both
hADAR2 and hADAR2-D. We also performed deamination
assays with 5-HT2cR RNA for comparison (Figure 8B). Like
BDF2, hGLI1 RNA is rapidly deaminated by hADAR2-D.
Quantitative editing of hGLI1 by hADAR2-D is observed after
3 min (Figure 8A) in contrast to the 5-HT2cR D-site, where
only an 8% A to G change is observed after a 2 h incubation
with hADAR2-D (Figure 8B). Full-length hADAR2 also edits
hGLI1 in vitro, though not as effectively as hADAR2-D (Figure
8A).

Overexpression of Bdf2p Rescues Growth in Yeast
Expressing Active ADAR2. Our RNA Seq. data indicated
that both HAC1 and BDF2 mRNAs were modified by
hADAR2; HAC1 was predicted to be edited at low % yields
at multiple sites and BDF2 at a single site with >60% yield,
leading to a codon change. Hac1p is a well-characterized
transcription factor involved in the unfolded protein response
in yeast50,51 Bdf2p is a bromo domain protein also involved in
transcriptional regulation.52 To determine if either of these
transcripts alter the hADAR2 effect on yeast growth, their
sequences were inserted into the pYES3/CT expression vector
downstream of the GAL1 promoter and cotransfected into
yeast with an hADAR2 expression plasmid. Yeast strains were
grown in liquid media and spotted on galactose-containing agar
media to induce expression.
Yeast overexpressing the BDF2 transcript (but not HAC1)

and wild type ADAR2 grew faster than when wild type ADAR2
is expressed alone (SI Figure 6) and at a rate comparable to

Figure 6. Importance of 3′ next-nearest neighbor A for BDF2 site deamination. (A) Sequencing trace for RT-PCR products of ADAR2 edited
regions in BDF2 and bdf 2 A807G. (B) Degree of A to G editing of BDF2 and bdf 2 A807G in the presence of active hADAR2 wt in vivo. Graphs
represent total area under G peaks divided by the total area of all the peaks at the edited site multiplied by 100%. BDF2 wt =43 ± 3, bdf 2 A807G =
24 ± 1. Error represents standard error (n = 3, **P < 0.01). (C) Predicted secondary structure near the BDF2 editing site showing mutations made
to test importance of 3′ next nearest neighbor A. Edited adenosine colored red. (D) Single turnover rate constants for deamination of BDF2-derived
and next-nearest neighbor mutant RNAs by hADAR2 in vitro. Bdf200 wt kobs = 0.77 ± 0.09, bdf200 nnnAG kobs = 0.22 ± 0.08, bdf200 nnnAC kobs =
0.4 ± 0.1, bdf200 nnnAU kobs = 0.45 ± 0.06. Error represents standard error (n = 3, *P < 0.05, **P < 0.01, nnnAC P = 0.075).
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BDF2 + inactive ADAR2 E396A. Western blot analysis of the
yeast lysates demonstrated the level of ADAR2 expression is
not dependent on BDF2 expression (SI Figure 6). This shows
that overexpression of the BDF2 transcript can largely restore
normal growth in yeast expressing active hADAR2. However,

overexpression of wild type ADAR2 in a bdf 2 knockout strain
of S. cerevisiae also slowed yeast cell growth (data not shown)
indicating that editing within the BDF2 mRNA is not solely
responsible for the slow growth effect induced by ADAR2.

■ DISCUSSION
The transcriptome sequencing approach described here
successfully identified sites in S. cerevisiae transcripts that
exhibited A to I changes in the presence of human ADAR2,
providing us a novel set of editing substrates to analyze. A wide
variety of sequences and secondary structures are present in
yeast RNAs whereas background editing is nonexistent, as
ADARs are not naturally expressed in this organism. Whole
transcriptome sequencing identified a relatively small number
of sites/transcripts edited efficiently (Table 1). Thus hADAR2
appears to act selectively in S. cerevisiae and analysis of the
preferred substrates revealed new information about ADAR2
selectivity (see below). One can envision using a similar
approach to evaluate substrate specificity for other RNA editing
enzymes as well (e.g., ADAR1, ADAR3, APOBECs, etc.).
We confirmed editing via Sanger sequencing at nine ADAR2

deamination sites in yeast RNAs (Figure 3, SI Figure 1). Sites
with low editing efficiency (<20%) in the RNA-Seq. data set
may not be detectable using conventional Sanger sequenc-
ing.38,39 Yet three sites with high predicted editing efficiency for
the RNA-Seq. data (U2 A1032, A1054, and U1 A67) did not
sequence as G in Sanger sequencing. While it is possible these
sites are false positives, the fact that they are within established
hADAR2 substrate RNAs in yeast (i.e., editing has been
confirmed at other adenosines in these RNAs) suggests they
may indeed be ADAR2 deamination sites, and other factors
(e.g., subtle variation in yeast growth conditions, etc.) may be
responsible for Sanger sequencing failing to confirm them.
ADARs will only bind and edit RNAs containing double

helices of sufficient length.22,40,53 This requirement is believed
to be due to the presence of double stranded RNA binding
domains (dsRBDs) in the ADAR structure.22,54 Therefore, the
edited transcripts in yeast would be expected to fold into duplex
structure near the targeted sites. Indeed, inspection of
published secondary structures or structures predicted using
mFold showed all the sites were either within or immediately
adjacent to duplex structure (Figure 4, SI Figure 2). The U2
snRNA is an interesting example. S. cerevisiae U2 is much larger
than U2 snRNAs found in higher eukaryotes.55 hADAR2
deaminates U2 at four different sites in the segment not found
in these organisms. Secondary structure prediction suggests this
region harbors an extremely long (>200 bp) double helix with
editing site A512 near the center (SI Figure 2). Indeed, the high
efficiency of the hADAR2 reaction at U2 A512 is likely related
to its presence in this long double helical structure. This is
reminiscent of the role of duplex structure present in RNAs
containing Alu repeats in recruiting ADARs for efficient
deamination recently described by Ohman.56 Interestingly,
deletion experiments carried out by Ares indicated this region is
dispensable for S. cerevisiae U2 function in splicing.57,58

The sequence analysis of the 19 ADAR2 sites identified in
yeast shows a preference for a U or A 5′ to the edited site and
G immediately 3′ to the edited nucleotide (Figure 5A). The U
> A > C > G 5′ nearest neighbor and G > C > U = A 3′ nearest
neighbor preferences have been reported for human ADAR2
and were determined by analyzing in vitro deamination
efficiencies at different adenosine positions in perfectly matched
duplex RNAs.24,41 Our results, obtained with a markedly

Figure 7. Efficient deamination of the BDF2 site does not require
ADAR2’s dsRBDs. (A) Sequencing traces for RT-PCR products of
edited regions in BDF2 for two minute reactions containing 150 nM of
either full length human ADAR2 (hADAR2) or the isolated catalytic
domain (hADAR2-D); edited adenosines indicated by a star. (B) Plot
of product vs time for reaction of either hADAR2 (squares, dashed
line) or hADAR2-D (circles, solid line) with BDF2 RNA (n = 3). (C)
% editing of BDF2 RNA at 10 min at different enzyme concentrations.
Error represents standard error (n = 3).

Table 2. Single Turnover Rate Constants for Deamination of
BDF2-Derived RNAsa

enzyme substrate kobs, min−1b

hADAR2 Bdf200 0.8 ± 0.2
Bdf200 A → G 0.2 ± 0.1

hADAR2-D Bdf200 >3
Bdf200 A → G 0.9 ± 0.1

aReactions were carried out with 150 nM enzyme and 10 nM RNA at
30 °C. bData were fitted to the equation y = m1 × (1 − e(−m2 × m0)),
where m1 is the fitted reaction end point, m2 is the kobs or fitted rate
constant (min−1), and y is the fraction product at time m0.
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different technique, are largely in agreement with these earlier
studies. However, our analysis suggested an additional
preference for the next-nearest neighbor nucleotide (two
nucleotides from the edited site) not identified previously
(Figure 5A). Mutation of the 3′ next-nearest neighbor A to a G
in the BDF2 mRNA substrate reduced editing efficiency in vivo,
and mutation to G, C, or U reduced the single turnover
deamination rate constant in vitro, supporting the notion that A
is preferred at this position for this substrate (Figure 6B,D). Of
note, the 5′-UUAGA-3′ sequence is found in at least four
known ADAR editing sites in human transcripts, including in
the 3′ UTR for the CaM kinase 1 mRNA.11 However, the
nature of the approach used for identification of those sites did
not allow the identity of the responsible ADAR to be
determined.11

Surprisingly, rapid deamination of the BDF2 or hGLI1 RNA
substrate does not require hADAR2’s dsRBDs (Figure 7, Figure
8). This is unusual among the well-studied ADAR2 substrates
where removal of the RNA-binding domain or disruption of
dsRBD-RNA interactions typically reduces deamination
rates.24,46 Editing sites have been described where the extent
of editing observed appears to be enhanced by the deletion of
dsRBDs from the ADAR protein.24,59 However, no substrate
RNA had been previously reported where the rate of
deamination by the isolated catalytic domain is faster than
that of the full length ADAR under otherwise identical reaction
conditions. These observations suggest the existence of two

different types of ADAR substrate RNAs: those that require
dsRBD interaction with duplex structure within the substrate
RNA for efficient reaction and those that do not. The GluR B
Q/R editing site is likely one of the former since its local
structural context (“CAG” triplet with A in an A:U pair) is
suboptimal, yet it is an excellent substrate for hADAR2 in vivo.
In addition, we have shown that dsRBD binding to a model
GluR B Q/R site substrate is necessary for efficient editing.46

The 5-HT2cR D site also requires ADAR2’s dsRBD’s for
efficient reaction (Figure 8B).24 What, then, are the
fundamental differences between the two types of ADAR
substrates? Sites that react poorly with the isolated catalytic
domain may have the editing site adenosine located in a
suboptimal local structural environment for the reaction
(Figure 9A). Efficient reaction at these sites may require
increased residence time and positioning on the RNA that
comes from dsRBD binding, they may require RNA distortion
promoted by dsRBD binding or they could require dsRBD-
induced changes in the editing site adenosine pKa. We know
from earlier work that ADAR2’s RNA-binding domain alone
can induce conformational changes in a substrate RNA,60 which
may facilitate reaction at certain sites. On the other hand,
substrates that do not require dsRBD binding may be
preorganized in an RNA conformation found on the reaction
pathway, perhaps one with an unstacked adenosine and
flanking nucleotides optimal for catalytic domain interactions
(Figure 9B). These sites may also have optimal flanking

Figure 8. Human GLI1 (hGLI) RNA is efficiently edited by the hADAR2 catalytic domain (hADAR2-D). (A) Predicted secondary structure of the
hGLI1 editing site30 (edited adenosine colored red) and sequence traces of 150 nt hGLI1 derived RNA deamination products with hADAR2 and
hADAR2-D (bottom). (B) Predicted secondary structure of 5-HT2cR-derived RNA substrate (top) incorporating the D editing site (indicated by red
color)35 and sequence traces of 5-HT2cR RNA deamination products with hADAR2 and hADAR2-D (bottom).

Figure 9. Two types of ADAR2 substrates with differing requirements for dsRBD binding. (A) ADAR2 binds to dsRNA via its dsRBDs. Local
dsRNA structure is distorted facilitating base-flipping and deamination of the edited adenosine by the catalytic domain. (B) RNA structure around
the editing site resembles the intermediate complex formed when ADAR2 distorts local dsRNA and the sequences flanking the edited adenosine are
optimal for deaminase domain binding. Such sites do not require dsRBD binding.
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sequence for tuning the pKa of the reactive adenosine.61 One
might expect that ADAR-induced conformational changes in
the RNA would be minimal for substrates of this type. Such a
hypothesis could be tested using 2-aminopurine (2-AP)
modified RNAs and measuring ADAR-induced changes in 2-
AP fluorescence. We are currently investigating the extent to
which the BDF2 RNA can be reduced in size while maintaining
efficient deamination by hADAR2-D such that synthetic
variants, including those containing 2-AP, could be used to
study catalytic domain-RNA interactions.
Experiments involving overexpression of target transcripts

along with ADAR2 demonstrated that BDF2 transcript
overexpression is capable of suppressing ADAR2’s effect on
yeast growth. Since the growth effect is still observed in a BDF2
knockout strain, editing of other transcripts must also
contribute to the effect. However, suppression of the effect
indicates BDF2 overexpression inhibits ADAR2 activity, likely
by providing an RNA ligand that sequesters the protein and
reducing editing efficiency at other sites. These results suggest
one could carry out selections in yeast for molecules capable of
suppressing the ADAR2-induced slow growth effect to discover
inhibitors of human ADAR2.
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