REPORT

Editing modifies the GABA, receptor subunit a3
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ABSTRACT

Adenosine to inosine (A-to-1) pre-mRNA editing by the ADAR enzyme family has the potential to increase the variety of the
proteome. This editing by adenosine deamination is essential in mammals for a functional brain. To detect novel substrates for
A-to-l editing we have used an experimental method to find selectively edited sites and combined it with bioinformatic
techniques that find stem-loop structures suitable for editing. We present here the first verified editing candidate detected by
this screening procedure. We show that Gabra-3, which codes for the a3 subunit of the GABA, receptor, is a substrate for
editing by both ADAR1 and ADAR2. Editing of the Gabra-3 mRNA recodes an isoleucine to a methionine. The extent of editing
is low at birth but increases with age, reaching close to 100% in the adult brain. We therefore propose that editing of the Gabra-3

mRNA is important for normal brain development.
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INTRODUCTION

Several gene products involved in neurotransmission
undergo site-selective adenosine to inosine (A-to-I) RNA
editing in the mammalian brain. This selective editing takes
place most notably in the mRNA that codes for several
subunits of ionotropic glutamate receptors (Seeburg and
Hartner 2003). The editing event is a hydrolytic deamina-
tion of adenosine to inosine, catalyzed by the adenosine
deaminase that acts on RNA (ADAR) enzymes. Two A-to-I
editing enzymes have been shown to be enzymatically
active in mammals, ADAR1 and ADAR2. These enzymes
differ somewhat in their specificity, but both are essential
(Higuchi et al. 2000; Hartner et al. 2004; Wang et al. 2004).
However, editing occurs with little sequence specificity
in largely double-stranded RNA (Bass 2002). Site-selective
editing has been shown to alter amino acid codons and/
or splicing patterns in transcripts. This form of RNA
processing may therefore contribute to an increased num-
ber of protein isoforms. One example is the editing of the
a-amino-3-hydroxy-5-methyl-4-isoxazole glutamate recep-
tor subunit B (GluR-B), which alters the properties of the
receptor. The Q/R site of GluR-B is nearly fully edited.
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At this site a CAG, coding for glutamine, is modified to
CIG, which is read as an arginine codon (CGG). This
change of a single amino acid, situated in the second
transmembrane helix of the GluR-B subunit, makes recep-
tors assembled with an edited GluR-B subunit nearly
impermeable to calcium (Hume et al. 1991; Burnashev
et al. 1992). As in several other cases of site-selective A-to-I
editing, an inverted repeat located in the downstream
intron is required for Q/R editing (Higuchi et al. 1993).
Editing at the Q/R site is essential for a normal brain
development. Mice that lack the sequence complementary
to the editing site in the downstream intron cannot carry
out the Q/R editing, and these mice develop epileptic
seizures and die by 3 wk of age (Brusa et al. 1995). Another
receptor that is modified by A-to-I editing is the serotonin
receptor subtype 5-HT,., which is a member of the
G-protein-coupled receptor family. The pre-mRNA is edited
at five sites, creating several changes in codon usage. The
edited isoforms code the second intracellular loop differ-
ently, and the efficiency of the interaction between the
receptor isoforms and the G protein is thus different (Burns
et al. 1997).

Bioinformatic techniques have been used to demonstrate
abundant hyperediting in Alu sequences within introns
and untranslated regions of the human transcriptome
(Athanasiadis et al. 2004; Blow et al. 2004; Levanon et al.
2004). The results of these methods suggest that between
13,000 and 30,000 sites in 1600-2600 different genes are
A-to-1 edited. Many of these sites have been verified
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experimentally. The purpose of Alu editing is not known,
but it is clear that there is an abundant amount of active
enzyme that can perform A-to-I editing in the cell.

We have combined bioinformatic analyzes detecting
stem-loop structures suitable for A-to-I editing (Pedersen
et al. 2006) with an experimental method developed to find
novel ADAR substrates that have been edited in a site-
selective manner (Ohlson et al. 2005). Several potential
editing substrates were discovered using this approach.
One of the principal candidate genes is coding for gamma-
aminobutyric acid (GABA) type A (GABA,) receptor sub-
unit a3 (Gabra-3). The potential edited site has previously
been identified as a site of single nucleotide polymorphism
(SNP), entered into the SNP database (Sherry et al. 2001).
However, the identification as an SNP is based on two brain-
derived expressed sequence tags (ESTs) showing somatic
mRNA modifications. The GABA receptor is a member of
the Cys-loop ligand-gated ion channel superfamily. These
post-synaptic receptors are composed of five subunits with
an extracellular ligand-binding domain and ion-channel
domains that are integral to the membrane. Ligand binding
causes an allosteric activation of the ion channel. The
selectivity of the ion channel and the magnitudes of the
electrochemical gradients that form across the membrane
determine the nature of the electrical signal (Cromer et al.
2002). When the neurotransmitter GABA binds to the
GABA, receptor, the chloride channel is activated. This
leads to a rapid increase in chloride ion (Cl™) conductance,
which reduces the excitatory depolarization (Moss and
Smart 2001). However, until post-natal day (P) 8-12, GABA
mediates the depolarization rather than hyperpolarization
through the GABA, receptors (Ben-Ari 2002).

It has previously been shown that the glutamate recep-
tors (which are responsible for most excitatory post-
synaptic signals in the mammalian brain) are regulating
the calcium influx by A-to-I editing. In the adult brain an
equilibrium between excitation and inhibition is essential.
Here we show that the GABA, receptor (which is respon-
sible for most inhibitory post-synaptic signals) also is
edited at a single nucleotide that recodes an isoleucine to
a methionine with a possibility to function in the regula-
tion of chloride permeability of the channel.

RESULTS AND DISCUSSION

Detecting novel sites of A-to-I editing

We have developed a method by which it is possible to find
novel ADAR substrates that have been edited in a site-
selective manner (Ohlson et al. 2005). The method is based
on extracting intrinsic ADAR2-RNA substrate complexes
by coimmunoprecipitation using an anti-ADAR2 antibody.
We have used a mouse genome microarray to detect
enriched ADAR2-RNA targets. In parallel, we detected
stem—loop structures suitable for A-to-I editing in encoded

sequences by wusing EvoFold, a general comparative
genomics program for identifying conserved RNA struc-
tures (Pedersen et al. 2006). One of the most promising
predicted structures suitable for A-to-I editing was found
in the Gabra-3 transcript coding for the a3 subunit of the
GABA, receptor. The Gabra-3 RNA was enriched on
average sevenfold in the microarray after immunoprecip-
itation using the anti-ADAR2 antibody compared to non-
specific preimmune serum.

Verification of an edited site in the Gabra-3 transcript

The potential editing site in Gabra-3 is located within
exon 9. The stem-loop RNA structure that we believe is
required for editing consists of a stem of 22 base pairs (bp),
interrupted by three bulges and an A:C mismatch at the
edited site (Fig. 1). It is notable that the entire double-
stranded RNA structure that creates the editing substrate
is located in exon 9. This is rare since most known site-
selectively edited substrates consist of an exon sequence and
a complementary intron sequence. The Kvl.1 mRNA is the
only previously reported example in mammals where the
editing site and the editing complementary sequence both
are situated in coding sequences (Bhalla et al. 2004). The
corresponding RNA sequences of a-subunits 1, 2, and 5
predict a structure that is less favorable for editing than that
of a3 (Fig. 1). Further, the adenosine that is edited in
Gabra-3 is a uridine in Gabra-1 and -5 (Fig. 1). The amino
acid sequence in the vicinity of the isoleucine is conserved
across all subunits. However, the nucleotide at the third
position of the amino acid codons is frequently different in
the transcripts of Gabra-1, -2, and -5 from that in Gabra-3.

To verify editing of Gabra-3, total RNA from adult
mouse brain was isolated and the sequence determined
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FIGURE 1. Subunit-specific sequences of the gabra genes. The
predicted structure of the stem—loop within exon 9 of Gabra-3. The
edited A is printed in bold and circled in gray. The differences
between Gabra-3 and other Gabra sequences are shown in blue for
Gabra-1, red for Gabra-2, and green for Gabra-5.
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after RT-PCR was compared with the genomic sequence.
An adenosine was present in the genomic sequence of exon
9 at the position at which a guanosine was present in the
cDNA sequence (Fig. 2A). At this position an isoleucine (I)
AUA codon is changed to an AUI read as a methionine (M)
codon (AUG), since inosine is read as a guanosine by the
cellular machinery. This edited site will now be referred
to as the I/M site. We also investigated if the Gabra-2
transcript is edited. Gabra-2 has an adenosine at the I/M
site and is therefore a potential substrate for editing.
However, no editing at this site could be detected in the
Gabra-2 transcript in adult mouse brain (data not shown).

expression vector cotransfected with the Gabra-3 mini-
gene. Since a single A peak was seen in the chromatogram
(Fig. 2C, indicated as C) no endogenous ADAR activity in
HEK 293 contributed to editing of the mini-gene. In
summary, these results show that both ADAR1 and ADAR2
have the potential to efficiently edit the I/M site of the
Gabra-3 transcript.

An A-C mismatch at the editing site of Gabra-3

To investigate the importance of a C opposing the /M
editing in the predicted exon 9 stem-loop structure of

This is not surprising since several base
pairs in the predicted stem—loop struc-
ture are disrupted, making it into a less
favorable substrate for editing.

In summary these results indicate
that both sequence and structure are
important for editing at the I/M site of
Gabra-3 and that neither of these are
conserved in the transcripts of Gabra-1,
-2, or -5.

Gabra-3 is edited by both ADAR1
and ADAR2

To determine if ADAR? is catalyzing the
editing at this site, cONA from the brain
of an adult ADAR2™/~ mouse was
analyzed. Editing at the I/M site of
Gabra-3 was dramatically lower in the
ADAR2 ™'~ mouse (41%) than it was in
the wild-type adult mouse (100%) (Fig.
2A,B). We conclude that most Gabra-3
transcripts are edited at the I/M site and
that ADAR2 contributes substantially
to this editing.

We wanted to investigate if ADARI
and ADAR2 can edit a Gabra-3 mini-
gene containing exon 9, including the
I/M site. The Gabra-3 mini-gene was
cotransfected into HEK 293 cells,
together with an ADARI or ADAR2
expression vector. Total RNA was
extracted from the cells, and editing
was determined by sequencing, after
RT-PCR. ADARI1 was able to efficiently
edit the I/M site since the major peak
in the chromatogram was G (Fig. 2C).
In transient transfections using ADAR2
this enzyme was able to edit the reporter
construct to about the same extent as
ADARI. As a control the contribution
from endogeneous editing in HEK 293
cells was investigated using an empty
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FIGURE 2. Editing of the Gabra-3 transcript. (A) The editing of Gabra-3 was demonstrated
by DNA sequencing. The chromatogram of the genomic DNA sequence shows an adenosine at
the I/M-site, indicated by an arrow. Total brain RNA from the same NMRI adult mouse was
reverse transcribed (cDNA) and sequenced after PCR amplification. A guanosine was present
at the I/M site in the cDNA. The cDNA from an ADAR2™'~ adult mouse was amplified by
PCR and sequenced. A dual A and G peak appeared with the majority of the transcripts
showing an A at the I/M site. (B) PCR products from wild-type and ADAR2™'~ cDNA were
cloned and sequenced. The sequences of 10 wild-type and 22 ADAR2™~ clones
were determined. (C) Wild-type Gabra-3 and Gabra-3 with a mutated ECS (ECS-G) were
transfected into HEK 293 cells with an ADAR1 or ADAR2 expression vector. An empty
expression vector (labeled “C” for control) was used as a control for endogenous editing. In
wild-type Gabra-3 (left), no editing was observed in the control since a single A peak is seen at
the I/M site. During cotransfection with ADAR1 or ADAR2 dual G/A peaks were seen with the
majority in the G peak. Adenosine was present at the editing site in the ECS-G mutant in all
transfection experiments (right).
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Gabra-3, we created a point mutation in which the C was
changed to a G (ECS-G) (Fig. 2C). It has previously been
shown that changing a nucleotide from a C to a G at the
site opposing the editing site can have a dramatic negative
effect on editing (Wong et al. 2001; Kéllman et al. 2003).
Neither ADARI nor ADAR2 produced editing at the I/M
site in the ECS-G mutant (Fig. 2C). This result confirms
that it is important that the base, 15 nucleotides (nt) from
the I/M site, is not a guanosine for the editing to occur.
Although the predicted stem—loop structure in Figure 1 is
not confirmed by this result, it indicates that the C, 15 nt
upstream of the I/M site, is most likely the opposing base
to the editing site.

Editing in the a3 subunit of the GABA, receptor
causes an amino acid change

The edited site in the a3 subunit of the GABA, receptor
is located in the transmembrane (TM) domain 3 (Fig. 3A).
The four TM domains of this receptor subunit interact with
TM domains from four other subunits to form the channel
of the receptor. It is possible that the isoleucine to
methionine amino acid change in TM3 of a3 changes the
environment in the channel, since TM3 and the large
intracellular loop are important for gating and inactivation
of the channel (Fisher 2004). A change from the branched
isoleucine to methionine will alter the side chain to be
longer with a more bulky sulphur atom. Interestingly, frog
and pufferfish have a genomically encoded methionine at
the equivalent position (Fig. 3B). Noteworthy is that the
phylogenetic relationship between the organisms indicates
that the more closely related species share the same amino
acid at this site (Fig. 3C). The situation is similar for the
Q/R editing site of GluR-B, where hagfish, agnathan fish, and
teleost fish have an R codon at this position, while species
that appeared after the cartilaginous fishes have a Q codon
in the same position (Wu et al. 1996; Kung et al. 2001).

Editing of the I/M site is developmentally regulated

A switch in the GABA response from excitatory to
inhibitory post-synaptic potentials occurs during early
development where an efflux of chloride ions takes place
in immature neurons, while there is an influx of chloride
ions in mature neurons (Ben-Ari 2002). GABA switches
from being excitatory to inhibitory by an up-regulation of
the cotransporter KCC2 that decreases the chloride con-
centration in the cell. However, if GABA itself promotes the
expression of KCC2 is still under debate (Ganguly et al.
2001; Ludwig et al. 2003; Titz et al. 2003). Further, the
o subunits are critical elements in determining the nature
of the GABA, receptor response to GABA (Bohme et al.
2004). The a3 mRNA (Gabra-3) is present at high levels in
several forebrain regions at birth with a major decline after
post-natal day 12 (P12), when the expression of a1 is going
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FIGURE 3. The position of the edited site in the a3 subunit and
evolutionary conservation. (A) The protein sequence of Gabra-3
consists of four transmembrane domains (TM1-TM4). The edited
site was located within TM3 at amino acid 5 (of 22). (B) The I/M sites
of Gabra-3 in frog (Xenopus tropicalis) and pufferfish (Tetraodon
nigroviridis) have a genomically encoded methionine where all other
organisms have an isoleucine (Hinrichs et al. 2006). (C) An evolu-
tionary tree showing the phylogenetic relationship between the species
in B (Meyer and Zardoya 2003; Kriegs et al. 2006).

up (Laurie et al. 1992). The change from a3 to ol may
cause the switch in GABA behavior from excitatory to
inhibitory post-synaptic potentials during development.
To investigate if editing at the I/M-site of Gabra-3 changes
during development, RNA from mouse brain at different
developmental stages were extracted. The extent of editing
was determined by sequencing of individual clones derived
from the RT-PCR products. In newborn mice at day 2 (P2)
50% of the Gabra-3 transcripts were edited while those
in adult mouse brain were edited close to 100% (Fig. 4).
According to a chi-square statistic analysis this difference
is significant (p*<0.01, x’=16.59, degree of freedom: df=4).
The high level of editing in adult mouse was seen in two
different mouse strains, NMRI and FVB/N, at 3 wk and
19 wk of age. This result indicates that the extent of editing
is low in newborn mice and increases with age. Furthermore,
there is a trend of gradual increase in the extent of editing
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FIGURE 4. Editing of the a3 subunit at different stages during
development. Editing of the Gabra-3 transcript extracted from mouse
brain at different developmental stages. The RT-PCR products from
mice at day 2, day 7, day 12, and adult mouse were cloned and editing
at the I/M site was analyzed by sequence determination. The number
(n) of clones analyzed at each developmental stage is indicated. Below,
the chromatogram from the sequence at the I/M site is based on the
population derived from the RT-PCR product.

at P7 and P12 (Fig. 4). Although we do not know the effect
of this editing event on the nature of the receptor, we do
know that a change in editing occurs concurrent with a
dramatic change in the function of the GABA, receptor.
The « subunits are critical elements in determining the
nature of the GABA, receptor response to GABA (Bohme
et al. 2004). It is therefore possible that editing at the /M
site of Gabra-3 contributes to this change of function.

GABA, receptors respond to anxiolytic drugs such as
benzodiazepines and are thus important drug targets. The
benzodiazepine binding site is located at the interface of
the o and y2 subunits (Cromer et al. 2002). Antagonists
that bind to this site enhance the effect of GABA by
increasing the frequency of GABA-induced channel open-
ing events. Post-transcriptional modifications of the a3
subunit, such as the I/M editing described here, could be
important in determining the mechanistic features that are
responsible for the diversity of GABA, receptors and the
variability in sensitivity to drugs.

MATERIALS AND METHODS

RT-PCR and sequencing

RNA was isolated from triplicate FVB/N mouse brains at postnatal
days 2, 7, and 12 and adult mouse (19 wk) using TRIzol
(Invitrogen). Random primers were used for first-strand cDNA
synthesis. cDNA from adult ADAR2™~ mouse was kindly provided
by P.H. Seeburg (Max-Planck-Institut) via M.F. Jantsch (University
of Vienna). DNA was isolated from mouse tails using the Genomic
DNA Purification Kit (Fermenta). PCR was then carried out with
primers specific for GABA, receptor subunit a3: exon—exon
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primers for the cDNA sequences and exon—intron primers for
the genomic sequences. Superscript ITII RT (Invitrogen) was used in
all reverse transcription reactions, and platinum Taq (Invitrogen)
was used in all PCR reactions. Amplified PCR products were gel
purified and sequenced. The PCR products from ¢cDNA wild-type
(FVB/N) mice and from cDNA ADAR2 /™ mouse were cloned into
PGEM-T easy vectors (Promega) and sequenced. Twenty clones
from the 2 d mouse, 20 clones from the 7 d mouse, 19 clones from
the 12 d mouse, 10 clones from the 3 wk mouse (NMRI wild-type
mouse), 10 clones from the 19 wk mouse, and 22 clones from the
ADAR2™'™ mouse were analyzed. The sequences of primers used in
PCR amplification and sequence determination are available from
the author on request.

Reporter constructs and substrate mutagenesis

The ADARI expression vector pCS DRADA-FLIS6 (Desterro et al.
2003) was a kind gift from M. O’Connell (Medical Research
Council, University of Edinburgh). The ADAR?2 expression vector
pcDNA3 FLAG/rADAR?2 has been previously described (Bratt and
Ohman 2003). The Gabra-3 editing reporter construct was gener-
ated by cloning a fragment of the genomic gabra3 gene (including
exon 9 and 319 nt of the downstream intron) into the mammalian
expression vector pcDNA3 FLAG. This construct was named
“pGARa3-I/M.” The reporter construct named “pGARa3-ECS
G” was generated by mutating the cytidine that is located 15 nt
upstream of the edited site in the pGARa3-I/M to a guanosine
using QuickChange site-directed mutagenesis (Stratagene).

Transfection and editing analysis

HEK 293 cells were transfected with a total of 4 g of various
combinations of the expression vectors, using LIPOFECTAMINE
2000 (Invitrogen). RNA was isolated 24 h after transfection using
a GenElute mammalian total RNA isolation kit (Sigma), treated
with DNase (TURBO DNA-free; Ambion), and then RT-PCR
amplified using gene-specific primers. PCR products were gel
purified and sequenced.

Structure analysis

For the protein sequence of Gabra-3, Swiss-Prot (Bairoch et al.
2004), entry P26049, was used. The Modeller 6v2 (Sali and
Blundell 1993) program was used to model transmembrane helix
3 (amino acid 338-359 of Gabra-3, 1342M) using the entry Ivry in
the protein database (Berman et al. 2000) as a template. Figure 3A
was drawn using PyMol (http://www.pymol.org).
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