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Summary

Adenosine deaminases that act on RNA (ADARs) site-
selectively modify adenosines to inosines within RNA
transcripts, thereby recoding genomic information.
How ADARSs select specific adenosine moieties for de-
amination is poorly understood. Here, we report NMR
structures of the two double-stranded RNA binding
motifs (dsRBMs) of rat ADAR2 and an NMR chemical
shift perturbation study of the interaction of the two
dsRBMs with a 71 nucleotide RNA encoding the R/G
site of the GIuR-B. We have identified the protein and
the RNA surfaces involved in complex formation, al-
lowing us to present an NMR-based model of the com-
plex. We have found that dsRBM1 recognizes a con-
served pentaloop, whereas dsRBM2 recognizes two
bulged bases adjacent to the editing site, demonstrat-
ing RNA structure-dependent recognition by the
ADAR2 dsRBMs. In vitro mutagenesis studies with
both the protein and the RNA further support our
structural findings.

Introduction

Adenosine deaminases that act on RNA (ADARs) con-
vert adenosine to inosine (A-to-l) by hydrolytic deamina-
tion in cellular and viral RNA transcripts containing ei-
ther perfect or imperfect regions of double-stranded
RNA (dsRNA) (Bass, 2002; Emeson and Singh, 2000;
Gerber and Keller, 2001; Keegan et al., 2001). To date,
two functional enzymes (ADAR1 and ADAR2), and one
inactive enzyme (ADAR3), have been characterized in
mammals. A-to-l modification is nonspecific within per-
fect dsRNA substrates, deaminating up to 50% of the
adenosine residues (Bass, 2002; Emeson and Singh,
2000). The nonspecific reaction occurs as long as the
double-stranded architecture of the RNA substrate is
maintained, since ADARs unwind dsRNA by changing
A-U base pairs to I-U mismatches (Bass and Weintraub,
1988). The majority of nonselective editing occurs in un-
translated regions (UTRs) and introns, where large regu-
lar duplexes are formed (Levanon et al., 2004; Morse
et al., 2002; Morse and Bass, 1999; Rueter et al., 1999).
Such modifications can modulate gene silencing trig-
gered by intramolecular structures in mRNA (Tonkin
and Bass, 2003), nuclear retention of RNA transcripts
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(Zhang and Carmichael, 2001), or antiviral responses
by extensive modification of viral transcripts (Wong
et al., 1991).

A-to-I editing can also be highly specific within imper-
fect dsRNA regions containing bulges, loops, and mis-
matches, and it can modify a single or limited set of
adenosine residues (Bass, 2002; Emeson and Singh,
2000). Selective editing within pre-mRNAs has been
shown to affect the primary amino acid sequence of
the resultant protein product to produce multiple protein
isoforms from a single gene. For example, ADARs have
been shown to produce functionally important isoforms
of numerous proteins involved in synaptic neurotrans-
mission, including ligand and voltage-gated ion chan-
nels and G protein-coupled receptors (Bhalla et al.,
2004; Burns et al., 1997; Egebjerg and Heinemann,
1993; Hoopengardner et al., 2003; Kohler et al., 1993; Lo-
meli et al., 1994; Sommer et al., 1991). The pre-mRNA
encoding the B subunit of the a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) subtype of
glutamate receptor (GIluR-B) has been studied exten-
sively and is edited at multiple sites (Seeburg et al.,
1998). One of these locations is the R/G site, where a ge-
nomically encoded AGA is modified to IGA, resulting in
an arginine-to-glycine change (the ribosome interprets
| as G due to its similar base-pairing properties). This
change affects the biophysical properties of the ion
channel allowing the edited isoform to recover faster
from desensitization (Lomeli et al., 1994). The R/G site
of the GluR-B pre-mRNA is often used as a model sys-
tem for A-to-l editing studies, as it forms a small and
well-conserved ~70 nucleotide (nt) stem-loop contain-
ing three mismatches (Aruscavage and Bass, 2000);
this structure is referred to as the R/G stem-loop.

Like many RNA binding proteins, ADARs display
a modular domain organization. ADARs contain from
one to three tandem copies of double-stranded RNA
binding motif (dsRBMs) in their N-terminal region and
an adenosine deaminase domain, the structure of which
has recently been determined, in its C-terminal portion
(Macbeth et al., 2005). The dsRBMs of ADARs may
play an important role in modulating the editing selectiv-
ity of ADARs (Carlson et al., 2003; Doyle and Jantsch,
2002; Stephens et al., 2004). The dsRBM is a 70-75
amino acid domain found in many eukaryotic proteins
with diverse functions (Fierro-Monti and Mathews,
2000). The structures of several dsRBMs have been de-
termined (Bycroft et al., 1995; Kharrat et al., 1995; Nan-
duri et al., 1998) and reveal a highly conserved afpBo
protein topology in which the two o helices are packed
along aface of a three-stranded antiparallel § sheet. Fur-
thermore, structures of the dsRBMs from Xenopus lae-
vis RNA binding protein A (XIrbpa2) (Ryter and Schultz,
1998), Drosophila Staufen protein (Ramos et al., 2000),
and Aquifex aeolicus RNase lll (Blaszczyk et al., 2004),
in complex with nonnatural synthetic dsRNA substrates,
have been determined; the dsRBM of Rnt1p (an RNase
Il homolog from budding yeast) has been determined
in complex with its natural RNA substrate (dsRNA cap-
ped by an AGAA tetraloop) (Wu et al., 2004). These
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structures revealed not only how dsRBMs can bind
any dsRNA, regardless of base composition, but also
how structure-specific recognition of RNA hairpins is
achieved (reviewed in Stefl et al., 2005a).

While the enzymatic activity of ADARs and their bio-
logical role(s) have extensively been studied (Bass,
2002; Emeson and Singh, 2000), the determinants that
control site-selective RNA modification are poorly un-
derstood. Here, we report the solution structure of the
two dsRBMs of ADAR2 and their interactions with the
conserved 71 nt RNA stem-loop containing the GluR-B
R/G site (R/G stem-loop). We show that each dsRBM
binds a different structural element of the R/G stem-
loop, and that dsRBM1 and dsRBM2 recognize a stem
capped by a pentaloop and a stem containing two A-C
mismatches, respectively. Our structural study demon-
strates that the dsRBMs of ADARZ2 have the ability to dis-
tinguish between specific structural features of RNA,
suggesting their importance for editing site selectivity.

Results

ADAR2 dsRBMs Are Independent Domains

We investigated the N-terminal region of rat ADAR2 (74~
301) that includes the dsRBM1 (74-147), the interdomain
linker (148-230), and dsRBM2 (231-301) by using NMR
spectroscopy (Figure 1A). This protein construct was
aminoterminally fused with noncleavable solubility-en-
hancement tag GB1 (Zhou et al., 2001) to improve its ex-
pression and solubility (Stefl et al., 2005b). 'H, '3C, and
®N resonance assignments of GB1-dsRBM12 and of
the two isolated dsRBMs were obtained as previously
described (Stefl et al., 2005b). As the spectral quality
of the 32 kDa GB1-dsRBM12 suffered from an increased
transverse relaxation, we used hydrogen-to-deuteron
substitutions at various levels to improve the relaxation
properties of the protein (Stefl et al., 2005b). The com-
parison between the ['H,'®N]-TROSY spectrum of a deu-
terated GB1-dsRBM12 and the ['H,'>N]-HSQC spectra
of both isolated dsRBM1 and dsRBM2 (Figure S1; see
the Supplemental Data available with this article online)
shows that the dsRBM resonances are identical in both
contexts, except for a few N- and C-terminal residues.
In addition, this comparison indicates that the inter-
domain linker is flexible, as the chemical shifts of the
linker residues have random coil values (Stefl et al.,
2005b). To determine whether the chemical shift differ-
ences of the terminal residues of the isolated dsRBMs
and GB1-dsRBM12 are due to involvement in inter-
domain contacts or due to different flanking residues
at the termini, we carefully analyzed and compared the
['H,'3C]-HSQC, '°N- and '3*C-separated NOESY data of
a 50%-deuterated GB1-dsRBM12 with data from the
corresponding experiments of the isolated dsRBM1 and
dsRBM2. However, no interdomain NOEs could be ob-
served. Furthermore, when the isolated dsRBM1 and
dsRBM2 were mixed in trans, the ['H,'®N]-HSQC spec-
trum showed no change of chemical shifts compared to
the two ['H,'°N]-HSQC spectra of the isolated domains
(data not shown). These results indicate that the ADAR2
dsRBMs are independent domains separated by a flexi-
ble linker, similar to the two dsRBMs of PKR (Nanduri et al.,
1998). Thus, we used separate dsRBM1 and dsRBM2
constructs to determine their structures by NMR.
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Figure 1. Protein and RNA Constructs Used for NMR and Functional
Analysis

(A) A schematic diagram indicating the structure of eGFP, wild-type
eGFP-ADAR2, eGFP-K(127,281)A double mutant (the position of
point mutations are labeled by an asterisk), mutant fusion proteins
(showing deletion of dsRBM1, dsRBM2, and dsRBM12), as well as
GB1-dsRBM12, ADAR2 dsRBM1, and ADAR2 dsRBM2 is pre-
sented. The coordinates of each deletion are indicated, relative to
the start codon. NLS, nuclear localization signal. GB1, immunoglob-
ulin binding domain B1 of streptococcal protein G, is a noncleavable
solubility-enhancement tag (Zhou et al., 2001).

(B) R/G stem-loop, a 71 nt stem-loop that includes the 67 nt of the
human GIluR-B mRNA stem-loop and is closed by two GC base pairs
to improve the yield from in vitro transcription. R/G irregular duplex,
a 52 nucleotide duplex embedding the R/G editing site of the rat R/G
stem-loop, closed by two GC base pairs at both ends of the duplex.
R/G central loop, a 41 nt stem-loop, represents the central part of the
rat GluR-B R/G mRNA. Note that rat and human RNA sequences of
the GluR-B mRNA R/G stem-loop are identical, except for two nucle-
otides in the central loop part, G32A and C37A, which do not affect
the fold of this region (R.S. and F.H.-T.A., unpublished data). Fur-
thermore, rat and human ADAR2 dsRBM1, a domain interacting
with the central part of GIuR-B R/G mRNA, are identical within the
structured domain.

ADAR2 dsRBM Structures Are Not Identical

The structures of dsRBM1 and dsRBM2 were deter-
mined by using 1754 and 1459 conformationally restric-
tive NOE distance restraints, respectively, derived from
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Figure 2. ADAR2 dsRBMs’ Protein Structure

(A-D) NMR ensemble of (A) dsRBM1 and (C) dsRBM2; 20 lowest-energy structures. Ribbon representation of (B) dsRBM1 (in red) and (D)
dsRBM2 (in green) with conserved hydrophobic core residues (sticks, in white).

(E) Sequence alignment of various dsRBMs of ADARs. Two dsRBMs of rat ADAR2, three dsRBMs of human ADAR1, and two dsRBMs of rat
ADARS. The consensus sequence (>50%) of dsRBMs (Fierro-Monti and Mathews, 2000) and a schematic of secondary structure elements of
dsRBM are indicated below. The residues of the conserved hydrophobic core and the RNA binding surface are indicated by black dots and tri-

angles, respectively.

(F) Sequence alignment of various dsRBMs. Two dsRBMs of rat ADAR2, dsRBM of Rnt1p (S. cerevisiae), dsRBM of RNase Ill (E. coli), dsRBM of
RNase lll (A. aeolicus), second dsRBM of Xirbpa (X. laevis), dsRBM1 and dsRBM2 of PKR (H. sapiens), dsRBM3 of Staufen (D. melanogaster), and

dsRBM of DICER (H. sapiens).

2D homonuclear and 3D '3C- and "°N-edited NOESYs.
The resulting structures are represented by an ensemble
of 20 conformers for both dsRBM1 and dsRBM2 (Fig-
ure 2). The ensembles have root mean square deviations
0f0.45 = 0.10 and 0.52 = 0.12 A over the backbone in the
structured regions for dsRBM1 and dsRBM2, respec-
tively. A full summary of structural statistics is given in
Table 1. Both the ADAR2 dsRBM1 and dsRBM2 struc-
tures adopt the same fold as all other members of the
dsRBM family, with an BB« topology in which the two
o helices are packed along a face of a three-stranded an-
tiparallel B sheet (Figure 2). A central hydrophobic core

composed of the residues shown in Figure 2 (Figures
2B and 2D for structural arrangement, and Figure 2E for
sequence alignment) stabilizes the fold of the domain.
Although the two dsRBMs of ADAR2 have 50% amino
acid identity, the two structures differ slightly in the ori-
entation of o helix 1 relative to the other secondary struc-
ture elements (Figure 2). This altered orientation is a re-
sult of a protein sequence difference in two amino
acids at the C terminus of « helix 2, where Phe142 and
Val143 in dsRBM1 are replaced by Val296 and Phe297
in dsRBM2. Phe297, compared to Val143, is bulkier,
leading to a different interaction between the two o
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Table 1. NMR Experimental Constraints and Structure Statistics

dsRBM1 dsRBM2

Distance constraints

NOE upper distance limits 1754 1459
Structure statistics®

NOE violations

Number (>0.3 A) 0.85 = 1.13 2.00 + 1.34
Maximum violations (A) 0.33 +£0.13 0.39 + 0.04
Rmsd from the mean
coordinates (A)?
Only secondary structure
elements (residues 6-25,
36-68 for dsRBM1, and
6-22, 33-65 for dsRBM2)
Backbone 0.45 £ 0.10 0.52 = 0.12
Heavy atoms 1.07 £ 0.16 1.29 = 0.14
Entire domain
Backbone 0.80 = 0.25 1.34 = 0.36
Heavy atoms 1.28 = 0.23 213 £0.35

Rmsd from ideal geometry?®
Bonds lengths (A)
Bond angles (°)
Ramachandran analysis (%)°

0.0099 + 0.0002 0.0106 = 0.0002
2.5127 + 0.0309 2.5448 + 0.0456

Most favored region 86 82.4
Allowed region 13.1 16.2
Disallowed region 0.9 1.4

2The statistics (average + SDs) calculated for the bundle of the 20
best-energy conformers.
P As determined by PROCHECK (Laskowski et al., 1996).

helices (Figure 2D, in blue). We found another difference
between the two dsRBMs in the conformation of the
B1-B2 loop. The B1-B2 loop of dsRBM1 is well defined,
whereas the B1-2 loop of dsRBM2 is conformationally
heterogeneous (Figures 2A and 2C). In dsRBM2, several
amide resonances of this loop are not observable in the
spectra, probably due to a conformational exchange,
whereas all of the amide proton resonances of the 1-52
loop of dsRBM1 were observed and involved in many
NOE correlations. These observations suggest that the
B1-p2 loop of dsRBM1 is more rigid than the f1-$2 loop
of dsRBM2, which is probably due to the presence of
two prolines in dsRBM1 that are not found in dsRBM2
(Figure 2E). Flexible B1-B2 loops were also observed in
other dsRBM structures (Leulliot et al., 2004; Ramos
et al., 2000). Altogether, the longer « helix 1 and the con-
formationally preorganized 31-2 loop of dsRBM1 might
be important factors for ADAR2 RNA recognition.

Mapping of the RNA Binding Surface
on the ADAR2 dsRBMs
To investigate how ADAR2 dsRBMs bind RNA, we per-
formed an NMR chemical shift perturbation study with a
71 nt R/G stem-loop RNA (Figure 1B). This RNAis a33 bp
helix containing three mismatches (two A-C and one
G-G) that is capped by a structured pentaloop (Stefl
and Allain, 2005). A8 of this RNA can be specifically edi-
ted (up to 74%) by ADAR2 in vitro, but if the mismatches
are replaced by Watson-Crick base pairs, the editing ef-
ficiency is reduced substantially (Kallman et al., 2003;
Ohman et al., 2000).

First, we studied the interaction between GB1-
dsRBM12 and the 71 nt R/G stem-loop (Figure 1). Upon

RNA titration up to an equimolar ratio, the protein reso-
nances showed significant chemical shift changes
when followed by ['H,'°N]-TROSY spectra; however,
we could not assign the protein resonances of this 55
kDa GB1-dsRBM12-R/G stem-loop complex due to se-
vere line broadening (Figure S2). As the dsRBMs are in-
dependent in the free form, we presumed that they could
have different binding sites on the R/G stem-loop. There-
fore, we used two truncations of the R/G stem-loop, a 52
nt R/G irregular duplex and a 41 nt R/G central loop (Fig-
ure 1). We prepared four complexes (the two truncated
RNAs bound to each dsRBM) and measured a ['H,"°N]-
HSQC spectrum for each. The chemical shifts in the
['H,’®N]-HSQC spectra of dsRBM1 bound to the R/G
central loop and of dsRBM2 bound to the R/G irregular
duplex complexes were virtually identical to the ones
in the ['H,"*N]-TROSY spectrum of the full-length com-
plex (Figure S2). These observations indicate that the
dsRBMs are bound in the same manner in these two
subcomplexes and in the full-length complex (GB1-
dsRBM12 bound to the R/G stem-loop). The two
dsRBMs of ADAR2 bind two distinct locations on the
R/G stem-loop; dsRBM1 binds close to the pentaloop,
and dsRBM2 binds close to the editing site. The NMR
data of the reciprocal complexes (dsRBM2 bound to
the R/G centralloop and dsRBM1 bound to the R/G irreg-
ular duplex complexes) indicated that such subcom-
plexes are formed; however, their chemical shift values
do not resemble the ones observed in the full-length
complex. Furthermore, the spectra of these two sub-
complexes showed severe line broadening, probably re-
sulting from exchange between multiple protein-RNA
complexes of similar affinities. These observations indi-
cated that the binding of both dsRBMs is specific.

To gain more detailed insights into the interactions
between the ADAR2 dsRBMs and the R/G stem-loop,
the backbone amide resonances of the dsRBM1 and
dsRBM2 in the subcomplexes were assigned. In both
dsRBMs, the largest chemical shift changes between
the free and the bound forms were observed for the
backbone amides of a helix 1 and the 1-2 loop (Fig-
ure 3). In addition, large chemical shift changes were ob-
served for the f3-02 loop and the N terminus of « helix 2
of dsRBM1, whereas no large chemical shift changes
were observed for the dsRBM2 in these two regions.
These results are surprising since these regions of
dsRBM1 and dsRBM2 are similar in sequence with the
presence of three conserved lysines (Figure 2E). Taken
together, the patterns of chemical shift perturbations in-
dicate that the protein-RNA interactions are different be-
tween dsRBM1 and dsRBM2, reflecting the structural
differences already observed in the free dsRBMs struc-
tures. The RNA binding surfaces identified by chemical
shift perturbations in both dsRBMs agree well with the
positive electrostatic potential calculated by using
a nonlinear Poisson-Boltzmann equation (Figures 3C
and 3F). In particular, the stretch of lysines located in
the B3-02 loop and the N terminus of o helix 2 found in
both dsRBMs (Figure 2E) create the region with the high-
est potential. The RNA binding surfaces of ADAR2
dsRBM1 and dsRBM2, although not identical, are simi-
lar to the ones observed in other dsRBMs-RNA com-
plexes (Blaszczyk et al., 2004; Ramos et al., 2000; Ryter
and Schultz, 1998; Wu et al., 2004).
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Figure 3. RNA Binding Surfaces of ADAR2
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(A-C) dsRBM1-R/G central loop. (A) Overlay
of ['H-'®N]-HSQC spectra of dsRBM1 (in
red) and the dsRBM1-R/G central loop com-
plex (in blue). (B) Chemical shift changes
(Ad) for dsRBM1 upon addition of the R/G
central loop. The Ad is calculated as
([wnnAdHN]? + [wnAN?) "2, where wyy = 1 and
wn = 0.154 are weight factors of the nucleus
(Mulder et al., 1999); asterisk, proline. (C) A3
upon RNA binding mapped to the surface of
the protein identifies the RNA binding surface
of dsRBM1 (left; in red; A3 > 0.15 are dis-

played). The electrostatic surface of dsRBM1
(right).

(D-F) dsRBM2-R/G irregular duplex. (D)
Overlay of ['H-'>N]-HSQC spectra of

Residue

Mapping of the Protein Binding Surface

on the R/G Stem-Loop

To investigate the protein binding surface, the reso-
nances of the 71 nt R/G stem-loop were assigned as de-
scribed in the Supplemental Data. The NMR data
showed the presence of a G22-G50 mismatch and two
“open” A-C mismatches (A8-C64 and A18-C54). Based
on these data, together with our NMR structure of the
central pentaloop region of the human R/G stem-loop
(Stefl and Allain, 2005), we built a structural model of
the rat 71 nt R/G stem-loop (Figure 4D).

Upon protein binding to the 71 nt R/G stem-loop, the
RNA imino proton resonances broaden continuously
as a result of chemical exchange and increased molec-
ular weight. However, no significant chemical shift
changes and no new imino proton resonances were ob-
served, indicating that no changes in the RNA second-
ary structure take place upon complex formation. In
the two subcomplexes of dsRBM1 bound to the R/G
central loop and dsRBM2 bound to the R/G irregular du-
plex, a precise analysis of the pyrimidine H5 and H6
chemical shift perturbations upon protein binding could
be done with a series of 2D-['H,'H]-TOCSY spectra
(Figure 4). In the course of the protein titrations, the res-
onances moved from their initial positions, which corre-
spond to the free form, in a stepwise directional manner
until they reached their final positions, which corre-
spond to the fully bound state (example shown in Fig-

40

B2

dsRBM2 (in green) and the dsRBM2-R/G ir-
regular duplex complex (in blue). (E) A3 for
dsRBM2 upon addition of R/G irregular du-
plex (asterisk, proline; closed, black circle,
unassigned). (F) A3 upon RNA binding
mapped to the surface of the protein iden-
tifies the RNA binding surface of dsRBM2
(left; in green). The electrostatic surface of
dsRBM2 (right).

B3

ures 4A and 4B). These data indicate that, in both sub-
complexes, the RNAs are in fast exchange between
their free and bound forms relative to the NMR time-
scale. The binding of dsRBM1 to the R/G central loop
induces a significant chemical shift perturbation of
C37 and U40 (Figures 4A and 4B), and the binding of
dsRBM2 to the R/G irregular duplex causes pyrimidine
perturbations of C54, C55, C56, C63, C64, and U65;
C54 and C64 experience the largest chemical shift
changes (Figure 4C). These chemical shift changes
strongly suggest that the above-mentioned RNA bases
are interacting with the proteins or a significantly
changed conformation (for C54 and C64) as they be-
come stacked within the duplex upon protein binding.
We find the latter explanation less likely, as the C54
and C64 H5 and H6 resonances are still in the chemical
shift range of unpaired nucleotide and no new imino pro-
tons are observed upon protein binding. Figure 4D dis-
plays the pyrimidine residues with the largest chemical
shift perturbations on the 3D NMR model of the R/G
stem-loop.

The study of the reversed subcomplexes, dsRBM1
bound the R/G irregular duplex and dsRBM2 bound to
the R/G central loop, showed that dsRBM1 contacts
C54 and C64 on the R/G irregular duplex as well,
whereas dsRBM2 only binds the stem (where one A-C
mismatch, C64, is present), not the pentaloop of the cen-
tral R/G stem-loop (data not shown).
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Figure 4. Protein Binding Surfaces of the R/G Stem-Loop

(A and B) dsRBM1-R/G central loop. Overlay of series 2D ['H-"H]-
TOCSY spectra (focused on a portion with H5-H6 resonances of
C37, U25, and U40) of the titration experiment in which the dsRBM1
was successively added in the following molar ratios: 0:1 (free RNA)
(in black), 1/3:1 (in blue), 2/3:1 (in cyan), and 1:1 (fully bound RNA) (in
red).

(C) dsRBM2-R/G irregular duplex. Overlay of 2D ['H-'H]-TOCSY
spectra of free (in black) and fully bound RNA (in green), focused
on a portion with strongly shifted H5-H6 resonances.

(D) Chemical shift changes upon protein binding mapped to an NMR
model of the R/G stem-loop. The nucleotides in red and green are
affected upon dsRBM1 and dsRBM2 binding, respectively.

ADAR2 dsRBMs Do Not Dimerize

on the R/G Stem-Loop

It has been reported that ADAR activation involves RNA-
dependent dimerization (Cho et al., 2003; Gallo et al.,
2003; Jaikaran et al., 2002). To test whether more than
two ADAR2 dsRBMs could bind the 71 nt R/G stem-
loop, we performed light-scattering experiments. We in-
cubated GB1-dsRBM12 with the R/G stem-loop at pro-
tein:RNA stochiometric ratios of 0.5:1, 1:1, 2:1, and 4:1,
and we analyzed them by using gel filtration coupled
with in-line laser light scattering. At the ratio of 1:1, a sin-
gle peak with the expected size (MW ~55 kDa) of the bi-
molecular complex appeared. In all other ratios, peaks
of either unbound RNA or protein, in addition to the
peak of the bimolecular complex, appeared in the chro-
matogram. This indicates that only one molecule of
GB1-dsRBM12 can be accommodated by the R/G
stem-loop, and that the peptide sequence responsible
for the dimerization is outside the RNA binding region
of ADAR2 (74-301).

NMR Model of ADAR2 dsRBM12 in Complex

with the R/G Stem-Loop

To understand the basic principles of this recognition,
we constructed a model of ADAR2 dsRBMs in complex
with the 71 nt R/G stem-loop based on our precise NMR
identification of both the protein and RNA interaction

surfaces and on the knowledge of the basic structural
elements controlling dsRBMs-RNA recognition (Stefl
et al., 2005a). We performed a docking search by using
a methodology similar to the one implemented in
HADDOCK (Dominguez et al., 2003). In docking calcula-
tions, we used the NMR ensembles of the dsRBM1 and
dsRBM2 and multiple MD-generated conformations of
the R/G stem-loop model as starting structures. We
took advantage of the fact that there are no major
changes in the backbone conformation of the dsRBMs
upon RNA binding (Leulliot et al., 2004; Ramos et al.,
2000; Wu et al., 2004), and that dsRBMs contact RNA
via a well-conserved interaction scheme (Stefl et al.,
2005a). Both facts provided the constraints that signifi-
cantly reduced the degrees of freedom of the conforma-
tional docking search. Furthermore, the docking was
guided by the information obtained from our NMR
chemical shift perturbation studies that identified the
protein and RNA interaction surfaces.

Figure 5A shows the resulting NMR model with the
lowest energy of the ADAR2 dsRBM12-R/G stem-loop
complex. In a similar manner to what was observed for
the Rnt1lp dsRBM-AGNN tetraloop-containing RNA
complex (Wu et al., 2004), the dsRBM1 contacts the mi-
nor groove of the GCUCA pentaloop and the adjacent G-
U mismatch of the central region of the R/G stem-loop.
The dsRBM2 interacts with the bulged C54 and C64 op-
posite the editing site. Among the dsRBM-dsRNA com-
plexes determined to date, the interaction of ADAR2
dsRBM2 is unique, since dsRBM2 appears to recognize
two bulged cytosines. This is reminiscent of CCHH-type
zinc fingers that are also able to recognize RNA bases
that bulge out of the rigid structural architecture (Lu
et al., 2003). dsRBMs are considered to be structure-
specific rather than sequence-specific RNA binding pro-
teins (Stefl et al., 2005a). Based on our NMR model of the
complex, the dsRBMs of ADAR2 are not an exception,
since dsRBM1 recognizes a stem-loop structure and
dsRBM2 recognizes an RNA helix containing two A-C
mismatches separated by ten base pairs.

Both ADAR2 dsRBMs Are Important for

Efficient Editing of the R/G Site

To investigate whether both ADAR2 dsRBM-RNA inter-
actions are important for ADAR2-mediated editing of
the R/G site, either dsRBM1 or dsRBM2 was deleted
from an eGFP-ADAR2 fusion protein (Figure 1A), which
has been previously shown to have a comparable enzy-
matic activity to wild-type ADAR2 protein (Sansam et al.,
2003). We took advantage of an in vitro editing system
that used the R/G editing substrate and wild-type or mu-
tant eGFP-ADAR2 proteins in HEK293 nuclear extracts.
Preliminary time course analyses with wild-type eGFP-
ADAR2 protein were used to define the linear range of
the in vitro editing reaction (data not shown), and equiv-
alent amounts of wild-type and mutant proteins, as de-
termined by quantitative Western blotting, were incu-
bated with an in vitro-transcribed R/G editing substrate
(Dawson et al., 2004). Nuclear extracts from eGFP-trans-
fected cells defined background editing levels for the in
vitro system, while the wild-type eGFP-ADAR2 protein
demonstrated robust editing of the R/G site (Figure 5E).
Deletion of either dsRBM1 or dsRBM2 dramatically de-
creased the editing on R/G site by 3- to 10-fold, while
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Figure 5. ADAR2-Mediated Editing of the R/G Site Requires Both dsRBMs

(A) Overall NMR model of ADAR2 dsRBM12 in complex with the R/G stem-loop (stereoview).

(B) dsRBM1 (in red) interacts with the central part of the R/G stem-loop; « helix 1 contacts the pentaloop and the adjacent G-U base pair.

(C) dsRBM2 interacts with bulged cytosines, opposite the editing site. K127 and K281, residues mutated to alanine in our functional studies are
shown in magenta and pink, respectively.

(D) Overall NMR model (top view).

(E) Quantitative analysis of RNA editing for the R/G site from in vitro editing analyses with wild-type, eGFP-K(127,281)A, and mutant eGFP-
ADAR?2 fusion constructs lacking either dsRBM1 or dsRBM2 and both of them (mean + SEM; n = 5); **p < 0.01; ***p < 0.001 compared to
wild-type eGFP-ADAR2 (using the Student’s t test).

(F) Various mutations introduced in the loop region of the R/G stem-loop and their role on editing efficiency at the R/G site. Mutations include:
GCUCA pentaloop replaced by a GCUCUA hexaloop, by a GCAA tetraloop, and by a GCACA pentaloop. All of these mutations change the con-
formation of the loop. In addition, we used RNA in which the pentaloop of the R/G stem-loop is removed and in which the stem sequence is con-
served (“R/G stem”). All mutants were assayed for editing activity at the R/G site in vitro by using wild-type eGFP-ADAR2 (mean = SEM; n = 3);
**p < 0.01; *p < 0.03 compared to wild-type eGFP-ADAR2 (using the Student’s t test).

deletion of both dsRBMs (eGFP-AdsRBM12) completely
eliminated A-to-l conversion at the R/G site (Figure 5E).
In addition, simultaneous mutations of the two highly
conserved K127 (dsRBM1) and K281 (dsRBM2) dis-
played significantly lower editing activity at the R/G site
(Figure 5E), further confirming the importance of RNA
binding of both domains for editing, as both side chains
are predicted in our NMR model to interact with the
sugar-phosphate backbone (Figures 5B and 5C).

Functional Importance of the R/G Stem-Loop
Secondary Structure for Editing by ADAR2

Our NMR study shows that both dsRBM1 and dsRBM2
bind specific region of the R/G stem-loop; dsRBM1
binds near the pentaloop, and dsRBM2 binds the stem
with two A-C mismatches in the neighborhood of the
R/G editing site (Figure 5A). The functional importance
of the A-C mismatches was previously shown, as their re-
placement by Watson-Crick base pairs decreases the
editing from 74% to 41% (Ohman et al., 2000) and its se-
lectivity for the R/G site from 80% to 30% (Kallman et al.,
2003). To assess the functional importance of the penta-
loop, we created several mutants in the loop region of the
R/G stem-loop (Figure 5F), and we assayed them for ed-

iting activity at the R/G site in vitro. These mutants in-
clude a variation in the GCUCA pentaloop sequence
(GCACA; a single mutation that changes the fold of the
loop [Stefl and Allain, 2005]) and variations in the loop
size (GCAA tetraloop and GCUCUA hexaloop). All of
these mutants display lower editing efficiency at the
R/G site compared to the wild-type (Figure 5F), indi-
cating that the pentaloop sequence GCUCA and its spe-
cific structure are functional determinants of the editing
at the R/G site. In addition, an R/G stem-loop mutant
lacking the entire GCUCA pentaloop (R/G stem) also
has lower editing activity at the R/G site (Figure 5F). Alto-
gether, changes in the sequence or in the size of the
pentaloop that lead to a different pentaloop topology
result in lower editing efficiency at the R/G site, indicat-
ing the functional importance of the pentaloop structure
(Stefl and Allain, 2005).

Discussion

Structure of ADAR2 dsRBMs: Comparison

and Implications

In comparison to other dsRBMs, ADAR2 dsRBM1 and
dsRBM2 differ from the canonical dsRBM fold like the
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ones of Xirbpa2 (Ryter and Schultz, 1998) and Aquifex
aeolicus RNase Il (Blaszczyk et al., 2004) (Figure S4A,
in white). Interestingly, ADAR2 dsRBM1 resembles the
dsRBM of Rnt1p (Figure S4B, in blue) (Leulliot et al.,
2004); however, it lacks o helix 3, an additional element
that imposes the conformation of the “recognition” o he-
lix 1 in the dsRBM of Rnt1p. ADAR2 dsRBM2 appears to
be unique among other members of the dsRBM family
(Figure S4). This structural difference in the relative ori-
entation of o helix 1 may be functionally important, as
itis a key element that modulates the RNA binding spec-
ificity of dsRBMs (Ramos et al., 2000; Stefl et al., 2005a;
Wau et al., 2004) (see below).

How Do ADAR2 dsRBMs Recognize
the R/G Stem-Loop?
With dsRBM-containing proteins, questions regarding
binding specificities have always been difficult to an-
swer, as this abundant RNA binding domain is consid-
ered to bind any dsRNA in a non-sequence-specific
manner. Structures of single dsRBMs in complex with
dsRNA indeed revealed that dsRBMs are not sequence-
specific RNA binders, but they raised the question of
whether dsRBMs would rather recognize certain RNA
structures, like stem-loops or irregular duplexes (Ramos
et al., 2000; Stefl et al., 2005a; Wu et al., 2004). Our exten-
sive binding study of ADAR2 dsRBMs with the GIuR-B
R/G stem-loop and our structural model further extends
our understanding of how ADAR2 dsRBMs recognize
their targets and, more generally, how dsRBMs recog-
nize RNA.

dsRBMs are often present in multiple nonidentical
copies in proteins. In studying the two dsRBMs of
ADARZ2, we provide one of the first structural studies on
how two domains work together. Surprisingly, although
both dsRBMs are essential for efficient RNA editing,
they apparently bind the RNA independently, as the in-
terdomain linker (147-231) that bridges the dsRBMs of
ADAR2 is found to be unstructured in both the free and
bound forms of the protein and does not appear to par-
ticipate in the interaction with the R/G stem-loop. This
contrasts with what was found for other RNA recognition
motifs, in which the interdomain linkers play a critical role
in RNA recognition (Allain et al., 2000; Deo et al., 1999;
Handa et al., 1999). Another surprising result is that
both dsRBMs are bound in a well-defined location on
the R/G stem-loop (dsRBM1 and dsRBM2 are close to
the pentaloop and the editing site, respectively), indicat-
ing that ADAR2 dsRBMs recognize this RNA substrate
by themselves, without the deaminase domain. This find-
ing was not obvious considering that the 71 nt RNA that
we used contains 34 base pairs, providing potentially 20
different binding sites for a dsRBM, since each dsRBM
binds across 15 base pairs (Ramos et al., 2000; Stefl
etal., 2005a; Wu et al., 2004). This specific binding appar-
ently originates from dsRBM2, which prefers an RNA du-
plex containing mismatches over a regular A-form du-
plex or a stem-loop, and from dsRBM1, which prefers
a stem-loop over a regular duplex. The binding prefer-
ence of ADAR2 dsRBM1 for a stem-loop containing a
stable GCU(A/C)A pentaloop is reminiscent of Rnt1p
dsRBM structure-specific recognition of the AGNN tetra-
loop (Wu et al., 2004) and to Staufen dsRBM3 bound to
a stem-loop capped by a UUCG tetraloop (Ramos

et al., 2000). Interestingly, all three dsRBMs have similar
structures, especially regarding the position of « helix 1.
This suggests that dsRBMs’ binding preference for
stem-loop over regular RNA duplexes might be more
general than previously expected. In contrast, dsRBM2
favors RNA duplex substrates that contain mismatches
and, more particularly, two cytosines involved in A-C
mismatches. Although we cannot tell if this recognition
is base specific or structure specific (the backbone de-
formation around the A-C mismatch), to our knowledge,
this is the first structural indication that some dsRBMs
specifically recognize RNA mismatches.

Scanning force microscopy also revealed that ADAR2
preferentially binds to the R/G stem-loop over regular
duplex regions on an RNA mutant substrate in which
the R/G stem-loop was inserted into a potato tuber vi-
roid RNA (Klaue et al., 2003). Interestingly, when the du-
plex irregularities in the R/G stem-loop were mutated to
form a more regular duplex, the ADAR2 was still local-
ized in the vicinity of stem-loop structures, including
the R/G stem-loop, but not exclusively. This further
demonstrates a preference of ADAR2 for stem-loops
that would originate from the presence of dsRBM1.
Our findings are further supported by a recent biochem-
ical study of ADAR2 in complex with the GluR-B Q/R site
with hydroxyl radical cleavage, in which specific RNA
binding of the dsRBMs was observed as well (Stephens
et al., 2004).

Deletion of dsRBM1 from ADAR2 decreased the edit-
ing of the R/G site by 3-fold, and deletion of dsRBM2 de-
creased the editing of the R/G site by 10-fold. This high-
lights the importance of dsRBM2 and its exclusive
binding to an RNA helix containing two A-C mismatches
separated by ten base pairs adjacent to the R/G site. The
weak editing activity of ADAR2 that lacks dsRBM2 could
be explained by the dual ability of dsRBM1 for binding to
both the stem-loop and the A-C mismatch regions of the
R/G stem-loop. It suggests that, in certain circum-
stances, dsRBM1 can replace dsRBM2 in ADAR2 edit-
ing. The essential role of the dsRBM2 interaction with
A-C mismatches is consistent with several biochemical
experiments showing that ADAR2 forms multiple non-
specific complexes when bound to the R/G stem-loop
lacking mismatches (Ohman et al., 2000), resulting in
a dramatically reduced editing efficiency and selectivity
at the R/G site (Kallman et al., 2003). The binding of
dsRBM1 to the stem-loop region that contains the struc-
tured GCUCA pentaloop is also important, as the varia-
tions in the loop sequence and size have an effect on ed-
iting efficiency. This interaction is likely to contribute to
the overall binding affinity (Macbeth et al., 2004). In con-
clusion, this structural study suggests that the dsRBMs
of ADAR2 appear to preferentially recognize certain
structural elements (the stem-loop and the mismatches)
of the R/G stem-loop rather than its sequence, explain-
ing why the secondary structure of the R/G stem-loop is
very well conserved (Aruscavage and Bass, 2000).

Implication for ADAR Editing

Our structural study of the ADAR2 dsRBMs demon-
strates that dsRBMs can specifically recognize certain
secondary structure elements of the R/G stem-loop,
a natural ADAR2 substrate encoding the B subunit
of the AMPA-subtype of glutamate receptor. These
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observations indicate that the R/G stem-loop recogni-
tion by the ADAR2 dsRBMs is an important determinant
for directing the enzyme to the R/G editing site. How is
this related to other editing sites? Recent bioinformatics
analyses have predicted more than 12,000 new A-to-I
editing sites, located predominantly in ALU repetitive el-
ements in the human transcriptome (Athanasiadis et al.,
2004; Blow et al., 2004; Levanon et al., 2004). These anal-
yses showed that A-to-I editing is clearly more frequent
at adenosines involved in A-C mismatches than at any
other mismatches or base pairs. These findings correlate
well with the binding preferences of ADAR2 dsRBM2 ob-
served in our study and suggest that the dsRBM2 of
ADAR2 may play a more general role in A-to-l editing
site selection than previously expected. Of course, not
all A-C mismatches are edited by ADAR2, indicating
that dsRBM2 is not the only determinant for the specific-
ity of A-to-l conversion. Our data showed that the
dsRBM1 prefers to bind irregular RNA elements like
stem-loops or non-Watson-Crick base pairs over regular
RNA duplexes (in contrast to the dsRBM2 that binds mis-
matches but not loop regions). The dsRBM1 of ADAR2
may serve to anchor the protein on long, irregular RNA,
consistent with the observation that most A-to-1 editing
sites are embedded within irregular RNA duplexes.
ADAR2 dsRBM1 also prevents ADAR2 from editing small
RNA duplexes, as suggested by a recent report describ-
ing an autoinhibitory role for dsRBM1 (Macbeth et al.,
2004).

Experimental Procedures

Plasmids
Plasmids are described in the Supplemental Data.

Tissue Culture and In Vitro Editing Analysis

Human embryonic kidney (HEK293) cells were transiently cotrans-
fected by calcium phosphate precipitation with cDNAs encoding ei-
ther a control eGFP expression vector (0EGFP-C1; Clontech), eGFP-
ADAR2, eGFP-AdsRBM1, or eGFP-AdsRBM2 in the presence of
a 116 bp GluR-B minigene containing the R/G editing site. Crude nu-
clear extracts (Schreiber et al., 1989) were prepared from HEK293
cells expressing wild-type or mutant eGFP-ADAR2 and were diluted
with dialysis buffer to maintain the enzymatic activity (30 mM HEPES
[pH 7.6], 300 mM NaCl, 10% glycerol, 1 mM EDTA, 0.5 mM EGTA, 1
mM DTT, 1 mM PMSF, 2 ng/ml Leupeptin, 0.1% Aprotinin) prior to
quantitative Western blotting analysis. Mutant proteins were diluted
to achieve the same concentration as wild-type eGFP-ADAR2 pro-
tein and were incubated with 100 fmol R/G substrate for 30 min at
30°C. The eGFP-K(127,281)A double mutant was prepared as previ-
ously described (Sansam et al., 2003).

In Vitro Editing of R/G Mutants
In vitro editing of R/G mutants is described in the Supplemental
Data.

Recombinant Protein Expression and Purification
Several ADAR2 truncations were expressed and purified as previ-
ously described (Stefl et al., 2005b).

RNA Preparation
RNA preparation is described in the Supplemental Data.

NMR Spectroscopy

All of the NMR experiments were conducted at 293 K (or at 315 K) on
Bruker Avance-900 and DRX-750, 600, and 500 MHz spectrometers.
A detailed description of the resonance assignment procedure of
the studied proteins is given elsewhere (Stefl et al., 2005b). RNAs
were assigned mostly based on NOESY data, since through-bond

techniques suffer from the loss of signal in large RNAs. Specifically,
a 2D homonuclear NOESY and TOCSY measured on unlabeled R/G
stem-loop RNA, 2D-filtered/edited NOESY experiments (Peterson
et al., 2004), a 3D ['H,'3C,"H]-NOESY acquired on four base type-
specific  '3C,"®N-(A)-,"3C,"°N-(U)-,*C'®N-(G)-,'3C'°N-(C)-labeled
R/G stem-loop RNAs, and the use of the resonance assignments
of the subfragments (Figure 1) were essential in achieving sequential
assignment. A full list of experiments used for free and bound pro-
teins and RNAs is given in Table S1. All spectra were processed
with XWINNMR (Bruker) and were analyzed with Sparky (Goddard
and Kneller, 2004).

Structure Calculations

The preliminary structure determination was performed with the au-
tomated NOE assignment module CANDID (Herrmann et al., 2002) in
the DYANA program (Guntert et al., 1997). CANDID/DYANA carries
out automated assignment and distance calibration of NOE intensi-
ties, removal of meaningless restraints, structure calculation with
torsion angle dynamics, and automatic upper distance limit violation
analysis. The resultant NOE crosspeak assignments were subse-
quently confirmed by visual inspection of the spectra. In the next
step, CANDID/DYANA-generated restraints were used for further re-
finement of the preliminary structures with AMBER 7.0 software
(Case et al., 2002); this process employed a force field described
by Cornell et al. (1995), a refinement protocol described in Padrta
et al. (2002), and the generalized-Born solvation model (Bashford
and Case, 2000). Molecular graphics were generated by using
PyMOL (DeLano, 2002) and NUCCYL (Jovine, 2003).

Model for RNA Binding
The model for RNA binding is described in the Supplemental Data.

Use of Sequence/Structure Databases

and Sequence Alignments

Sequence/structure databases and sequence alignments are de-
scribed in the Supplemental Data.

Light-Scattering Experiments
Light-scattering experiments are described in the Supplemental
Data.

Supplemental Data
Supplemental Data including Figures S1-S4 are available at http://
www.structure.org/cgi/content/full/14/2/345/DC1/.
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