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Abstract
RNA editing that converts adenosine to inosine in double-stranded RNA (dsRNA) is mediated by
adenosine deaminases acting on RNA (ADAR). ADAR1 and ADAR2 form respective homodimers,
and this association is essential for their enzymatic activities. In this investigation, we set out
experiments aiming to determine whether formation of the homodimer complex is mediated by an
amino acid interface made through protein-protein interactions of two monomers or via binding of
the two subunits to a dsRNA substrate. Point mutations were created in the dsRNA binding domains
(dsRBDs) that abolished all RNA binding, as tested for two classes of ADAR ligands, long and short
dsRNA. The mutant ADAR dimer complexes were intact, as demonstrated by their ability to co-
purify in a sequential affinity-tagged purification and also by their elution at the dimeric fraction
position on a size fractionation column. Our results demonstrated ADAR dimerization independent
of their binding to dsRNA, establishing the importance of protein-protein interactions for dimer
formation. As expected, these mutant ADARs could no longer perform their catalytic function due
to the loss in substrate binding. Surprisingly, a chimeric dimer consisting of one RNA binding mutant
monomer and a wild type partner still abolished its ability to bind and edit its substrate, indicating
that ADAR dimers require two subunits with functional dsRBDs for binding to a dsRNA substrate
and then for editing activity to occur.

RNA editing mediated by adenosine deaminases acting on RNA (ADAR)2 involves adenosine-
to-inosine (A → I) changes in double-stranded RNA (dsRNA) (1-4). A → I RNA editing can
alter the protein coding sequence of several genes to create various isoforms, such as in the
glutamate receptor ion channel subunits (5,6), serotonin 2C subtype receptors (7), and Kv1.1
potassium channel (8). The association of malfunctioning A → I editing mechanisms and
certain human disease, such as neurodegeneration in amyotrophic lateral sclerosis and
depression in suicide victims has been implicated (9,10). Bioinformatic approaches have
revealed numerous A → I editing sites within non-coding sequences in introns and untranslated
regions harboring repetitive elements such as Alu and LINE (11-15). Furthermore, recent
evidence has revealed the intersection of ADAR with the RNA interference pathway, indicating
a much broader role for A → I RNA editing (16-21). A → IRNA editing is mediated by ADAR
(1-4). In vertebrates, three separate ADAR family members have been identified, and they are
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conserved in their C-terminal deaminase region as well as in their N-terminal double-stranded
RNA binding domains (dsRBDs) (22-29). ADARs are also present in invertebrates, such as a
single Drosophila member (dADAR) that is similar to the mammalian ADAR2 (30), as well
as two less conserved Caenorhabditis elegans members (c.e.ADR1 and c.e.ADR2) (22,31).

The common structural features shared by mammalian ADARs include dsRBDs repeated two
or three times that are located in the N-terminal region and the C-terminal deaminase domain
that provide the catalytic action (22,23,32). Evidence suggests that dsRBDs consisting of 65–
70 amino acids provide general binding with little sequence selectivity, although the number
and distance between dsRBDs may provide some specificity for its substrates and recognize
distinct structural determinants within dsRNA (27,33-35). Two reported dsRBD structures for
Xenopus laevis RNA-binding protein A (Xlrbpa) and the Drosophila Staufen protein
interacting with dsRNA reveal that the domain makes important contacts across the major
groove of a dsRNA helix (36,37). These dsRBD contacts span 16 base pairs of dsRNA and
interact with the phosphate oxygen backbone and not specific nucleotides (36). A common
structural theme of these domains appears to be the interaction of a cluster of lysines in a
KKXXK motif (X is any amino acid), and mutagenesis of these residues reduces binding to
dsRNA (36,37). Likewise, ADARs contain this KKXXK motif in their dsRBDs, and deletions
or site-directed mutagenesis also indicates that they are important for function (33,34,38-41).
More recently, the NMR structures of the two dsRBDs of ADAR2 modeled with dsRNA verify
the magnitude to which these lysines are significant (33).

Recent findings indicate that ADARs act as a dimer in mammals and flies (40,42). In vitro,
mammalian ADAR1 and ADAR2 form homodimers, which is required for A → I editing
activity (42). It is proposed that this dimer interaction allows for the proper formation of active
site alignment to deaminate the adenosine moiety (40,42). Currently, it is not known whether
the interplay between the monomers act cooperatively with respect to their dsRBDs. By use
of fluorescence or bioluminescence resonance energy transfer, an examination of ADAR
dimerization revealed that the N-terminal dsRBDs are providing much of the interface for the
monomer subunits to interact in mammalian cells (43,44).

Although several publications by our group and others on the mammalian ADARs point to
dimerization that is independent of RNA binding (42,43), other studies in mammalian cells
and Drosophila indicate that dsRNA binding is required (40,44). Furthermore, some studies
on human ADAR2 suggest that the protein exists only as a monomeric form (32,45). These
discrepancies may result from a difference in species and techniques used. In summary, it
remains to be established whether formation of the dimer complex is mediated by an amino
acid interface made through protein-protein interactions of two monomers or via binding of
the two subunits to a dsRNA substrate. In this present study, we have addressed the question
by creating mutations for ADAR1 and ADAR2 within the dsRBDs that result in the total loss
of all binding for long and short dsRNA. These dsRNA binding-deficient ADARs nevertheless
dimerize identically to their wild type counterparts, revealing that ADAR dimerization is not
mediated by dsRNA. Furthermore, our data indicate that two monomers with functional
dsRBDs are required by a dimer for dsRNA binding and A → I editing activities.

EXPERIMENTAL PROCEDURES
Plasmid Construction

Wild type plasmids pBac-F-ADAR1, pBac-H-ADAR1, pBac-F-ADAR2, and pBac-H-
ADAR2, corresponding to the human genes (42), were used as the starting basis for plasmid
construction. The full-length ADAR1 (p150) and the ADAR2a splicing isoform (42) were used
in this study. Mutations were created in each of the three dsRBDs of ADAR1 and in each of
the two dsRBDs of ADAR2 separately by PCR and then combined through cloning (Fig.
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1A). This introduced mutations in the lysines of the KKXXK motif to generate EAXXA at these
amino acid locations (Fig. 1B). The mutations in ADAR1 that were introduced at dsRBD1
were K554E, K555A, and K558A; at dsRBD2, K665E, K666A, and K669A; and at dsRBD3,
K777E, K778A, and K781A. Mutations created in the first dsRBD of ADAR2 included K127E,
K128A, and K131A, and those in the second dsRBD consisted of K281E, K282A, and K285A.
PCR mutagenesis using the QuikChange kit (Stratagene) and oligonucleotides creating specific
nucleotide changes for silent DNA restriction sites and amino acid mutations are in bold, with
the newly created silent endonuclease sites underlined. The mutagenic oligonucleotides for
ADAR1 used in this study are A1-EAA1s (+BglI), 5′-
GCTGAAGCTGGAAGCGAGGCCGTGGCGGCGCAGGATGCAGCTATGAAAGC-3′;
A1-EAA2s (+ApaLI), 5′-
CCAGTGTGAGTGCACCCAGCGAGGCAGTGGCAGCGCAGATGGCCGCAGAGG- 3′
and A1-EAA3s (+BglI), 5′-
CGTCTGCGCACACAGCGAGGCCCAAGGGGCGCAGGAAGCAGCAGATGC- 3′. The
ADAR2 mutant oligonucleotides are A2-EAA1s (+SphI), 5′-
GGCTCTGGTCCCACAGAGGCAAAGGCAGC
GGCTCTGGTCCCACAGAGGCAAAGGCAGCACTGCATGCTGCTGAGAAGG- 3′ and
A2-EAA2s (+SacII), 5′-
GGCTCGGGGAGAAACGAGGCGCTTGCCGCGGCCCGGGCTGCGC- 3′.

ADAR Expression, Purification, and Detection
The resulting expression constructs pBac-F-ADAR1(EAA1,2,3), pBac-HADAR1(EAA1,2,3),
pBac-F-ADAR2(EAA1,2), and pBac-HADAR2(EAA1,2) contain a FLAG or His6 tag,
respectively. Briefly, Sf9 insect cells were individually infected or co-infected with two ADAR
recombinant baculoviruses (42). The extracted proteins were either purified with an anti-FLAG
M2 monoclonal antibody (mAb)-agarose gel (Sigma) column or, for the His6-containing
proteins, with a TALON metal resin (BD Biosciences) column. Proteins expressed as a co-
infection of FLAG and His6 epitope-tagged ADARs were sequentially purified with both
affinity columns, beginning in either direction. If necessary, the final eluted proteins were
concentrated using Centriplus spin columns (Millipore). The yield of eluted proteins was
determined by Western blotting analysis. The primary monoclonal antibodies used in this study
are anti-FLAG M2 (Sigma), anti-His6 (BD Biosciences), mAb15.8.6 (anti-ADAR1), and
mAb1.3.1 (anti-ADAR2) (42).

Functional Assays
Filter binding assays were carried out in triplicate using the recombinant ADAR proteins and
a synthetic long c-Myc dsRNA (583 base pairs) labeled with [α-32P]ATP (29). The amount of
dsRNA substrate ranged from 0.1 to 6.4 nM. For the base modification assay of the A → I
editing activity, the recombinant protein was tested also with the c-Myc dsRNA (38). The
electrophoretic mobility shift assay was conducted using a 19-base-pair enhanced green
fluorescent protein short interfering RNA as the short dsRNA substrate, as described previously
(18).

Size Exclusion Column Chromatography
Purified protein (1 ug) was injected into a 500- μl loop and applied to a Superose 12 10/300
GL gel filtration column (GE Healthcare) (42). Fractions of 0.5 ml were collected at a flow
rate of 0.35 ml/min using a fast protein liquid chromatography system. The molecular weight
of ADAR proteins was ascertained by comparison to known molecular mass standards obtained
from Sigma. The column was calibrated with blue dextran 2000 (void), thyroglobulin (669
kDa), ferritin (440 kDa), catalase (232 kDa), aldolase (158 kDa), albumin (67 kDa), ovalbumin
(43 kDa), and chymotrypsinogen A (25 kDa). The peak position of each protein standard was
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determined by optical absorption at 280 nm. The peak position for ADAR1 and ADAR2 was
confirmed by Western blotting analysis of the fractions.

RESULTS
Mutating the KKXXK Motif Lysines in the dsRBDs Abolishes Binding to Long dsRNA

The co-structures of a dsRBD protein bound to dsRNA revealed the importance of several
lysines in a KKXXK motif for making crucial contacts across the major groove of dsRNA
(36,37). Our goal was to generate point mutations for ADAR1 and ADAR2 in the KKXXK
motif of each dsRBD to create a protein that would no longer bind dsRNA (Fig. 1A) and then
investigate its dimerization aspects. For the Staufen protein, conversion of these KKXXK amino
acid residues to EAXXA results in a dramatic loss of dsRNA binding in vivo (37). These
mutations have been shown not to alter the protein folding as assayed by various structural
methods (37). To this end, we created substitutions in ADAR1 and ADAR2 for each KKXXK
motif converting it to EAXXA. The KKXXK mutation to EAXXA will be referred to as “EAA”
throughout the text for the glutamate, alanine, and alanine substitution introduced (Fig. 1B).

Our new FLAG-tagged ADAR (EAA) mutants were purified, and Western blotting analysis
confirmed production of the full-length proteins. ADAR1 (EAA) and ADAR2 (EAA) were
examined for their ability to bind long dsRNA by using a 585-base-pair c-Myc dsRNA (29).
As anticipated, these dsRBD mutant ADARs were deficient in dsRNA binding as compared
with the wild type forms of the protein (Fig. 2A). This demonstrated the importance of the
KKXXK motif in dsRNA binding for ADAR. As expected, our ADAR1 (EAA) and ADAR2
(EAA) mutants that abolished binding to dsRNA completely lacked RNA editing activity as
tested on a long synthetic c-Myc dsRNA substrate (Fig. 3).

dsRBD Mutant ADARs Are Unable to Bind Short dsRNA
One outstanding question on ADAR dimerization was whether this association was truly RNA
binding-independent. Previously, RNases were utilized to show that dimerization was RNA
binding-independent in vitro (42) and subsequently in vivo (43). However, uncertainties still
remained with the RNase treatment as to whether short dsRNA duplexes could have been
protected by the ADAR protein and consequently lead to the two monomers becoming
associated. We therefore needed to determine that the ADAR (EAA) mutants could not bind
these types of substrate. Short dsRNA duplexes, such as short interfering RNAs, are bound
with very high affinity by ADAR (18). Electrophoretic mobility shift analysis using a 19-base-
pair short interfering RNA duplex shows that the wild type proteins are able to bind this ligand,
whereas ADAR1 (EAA) and ADAR2 (EAA) mutants are incapable of binding (Fig. 2B). These
results rule out the possibility of short dsRNA duplexes bringing the two subunits together for
dimer formation.

Dimerization of dsRNA Binding-defective ADARs
Having demonstrated the incapability of ADAR (EAA) mutants for the binding to long and
short dsRNA, we investigated their dimerization by sequential co-purification of differentially
epitope-tagged ADAR proteins as employed previously (42). Briefly, His-tagged versions of
ADAR1 (EAA) and ADAR2 (EAA) were produced to differentiate it from the FLAG-tagged
partner. Co-infection of two separate baculoviruses in insect cells resulted in co-expression of
FLAG (denoted as F)- and His (denoted as H)-tagged subunits of ADAR1 or ADAR2. First,
the ADAR recombinant proteins were purified by affinity chromatography on the M2 anti-
FLAG mAb column and then on the TALON metal resin column for the His6 tag purification.
Each chromatography step was monitored by Western blot analysis using the anti-FLAG- or
anti-His6-specific antibody, which indicated that an F/H dimeric complex was retrieved from
the second column (Fig. 4, lanes 9–12). Both ADAR1 (EAA) and ADAR2 (EAA) were purified
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as oligomeric complexes containing both FLAG- and His-tagged protein (Fig. 4, lanes 4 and
10 for ADAR1 and lanes 6 and 12 for ADAR2). The reversed purification sequence was also
performed to confirm the results of our co-purification scheme (data not shown). These dsRBD
mutant ADARs that lack dsRNA binding but are capable of homodimerization just like their
wild type counterparts suggest that ADAR dimerization is independent of its binding to dsRNA.

In our dimerization model, we hypothesized that mostly all ADAR protein is in an oligomeric
form. This would make the major three combinations of monomer subunit for dimer formation
to be F/F, F/H, and H/H in a relative ratio of 1:2:1 but would not necessarily exclude the
possibility that a small fraction of monomeric protein exists. We quantitated each step of the
affinity column chromatography by Western blot and calibration with known ADAR amounts
that were used as loading controls. From the material that bound on the first affinity column
(FLAG M2 Ab), 80–90% of the FLAG-tagged subunit was eluted from this resin, whereas a
substantial amount of the His-tagged subunit was washed away; however, 30–45% still
remained (Table 1, see column titled “FLAG column elution”). Upon collecting, pooling, and
loading the complete FLAG eluate (containing F/F- and F/H-tagged dimers) onto the TALON
column for His6 purification, we then quantitated again each tagged subunit. The His-tagged
protein completely bound and eluted from the TALON resin, whereas the FLAG protein was
partially washed away (Table 1, see column titled “His column elution”). Presumably, the
protein that was displaced off of the second column represents F/F homodimers of ADAR1
and ADAR2, respectively. We anticipated, according to our expected statistical distribution
on dimerization, that a significant amount of 2× purified ADAR proteins should be retrieved,
and indeed 30–45% of the subunits were recovered (Table 1, see column titled “Total protein
recovered”). The level of recovery further establishes that the oligomer represents the major
form of the complex and illustrates that this technique is not selectively enriching a rare form
of the complex. More importantly, this demonstrates that the ADAR dsRBD mutants behave
identically to their wild type counterparts and that dimerization is not a function of binding
dsRNA. Furthermore, these co-purification experiments also illustrate that the introduced EAA
substitutions are not disrupting ADAR protein structure as indicated by its protein-protein
interactions, identical to the wild type, and are therefore intact.

Analysis of ADAR Mutant Oligomeric Complexes by Size Fractionation Chromatography
To further confirm dimerization of our ADAR (EAA) mutants, we subjected the proteins
through size exclusion chromatography on a Superose 12 gel filtration column. Previously,
this method confirmed that the ADAR1 and ADAR2 proteins eluted as homodimers with an
apparent molecular mass of ~300 kDa for ADAR1 (monomer is 150 kDa) and~180 kDa for
ADAR2 (monomer is 90 kDa) (42). Based on standard size markers, the oligomeric form of
ADAR1 (EAA) fractionated to an estimated peak of ~300 kDa (Fig. 5A), and the ADAR2
(EAA) peak position was ~180 kDa (Fig. 5B). The EAA mutant forms of ADAR1 and ADAR2
migrated at similar fractions to wild type, displaying comparable elution profiles indicative of
RNA-independent dimerization. Interestingly, no distinctive free monomer peak was detected
for all ADAR proteins tested. Our results suggest that these proteins form a stable dimer and
that the subunits are not bridged by RNA binding. For the elution pattern of ADAR1 (WT),
we did observe a large molecular mass aggregate (Fig. 5A, Fraction 18) that was sometimes
seen in our previous studies (42) and could have been due to some large ADAR1 oligomeric
complex bound to some unknown dsRNAs derived from host Sf9 cells. In addition, we tested
a full-length ADAR2 that was purified from a yeast-expressing recombinant system that was
previously used for domain analysis and crystallography of a C-terminal deaminase domain
fragment (32,45). This yeast-derived human ADAR2 was reported to be monomeric, as
determined by analytical ultracentrifugation (32,45). In our hands, the yeast-derived ADAR2
migrated at the same dimeric position along with our baculovirus Sf9 insect cell-purified human
ADAR2 (Fig. 5B).
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A dsRBD Mutant Monomer Inhibits the Activities of Its Wild Type Partner
To obtain more insights into the possible functional interaction between the two monomers,
we next examined whether the EAA mutant could act in a dominant negative fashion over wild
type. A chimeric dimer of F/H-ADAR2 (EAA/WT) was produced and tested side by side with
the completely wild type version F/H-ADAR2 (WT/WT). An additional chimeric dimer F/H-
ADAR2 (E396A/WT) was also tested. The glutamate residue substituted to alanine in F/H-
ADAR2 (E396A/WT) is essential for formation of the catalytic center of ADAR2 (32).
Furthermore, chimeras of F/H-ADAR2 (E396A/WT) exhibit half the activity of a full wild
type (WT/WT) dimer (42). The equivalent glutamate to alanine mutation in ADAR1 was shown
to abolish editing activity, while retaining dsRNA binding affinity identical to that of wild type
(22,38,42). We compared the editing activity of the chimeras and found that the editing activity
was totally inhibited in the presence of the dsRBD mutant monomer for the F/H-ADAR2 (EAA/
WT) protein (Fig. 6A). Similar results were obtained with the F/H-ADAR1 (EAA/WT)
chimeric dimer (data not shown). Interestingly, the preformed mutant homodimer of ADAR2
(EAA/EAA) had no inhibitory effects on the editing activity of the wild type homodimer
ADAR2 (WT/WT) up to an 8-fold ratio examined (data not shown). As expected, the F/H-
ADAR2 (E396A/WT) displayed 50% editing activity as compared with the wild type (Fig.
6A). This suggested that the EAA dsRNA mutant monomer has a dominant effect over the
activity of the wild type monomer provided that the two monomers are complexed together as
a single dimeric molecule. To determine whether this was an effect based on the dsRNA binding
properties of the F/H-ADAR2 (EAA/WT) chimera, we performed dsRNA binding assays.
Interestingly, the F/H-ADAR2 (EAA/WT) chimera completely lacked all dsRNA binding,
whereas the F/H-ADAR2 (E396A/WT) chimera displayed normal levels of binding (Fig.
6B). The F/H-ADAR1 (EAA/WT) chimeric dimer also lacked all dsRNA binding (data not
shown). The total loss of dsRNA binding and editing activities observed with the (EAA/WT)
chimeric ADAR dimers indicated that intact dsRBDs from each monomer subunit were
required to recognize the dsRNA substrate and for editing activity to occur.

DISCUSSION
Some conflicting data have been reported previously regarding ADAR RNA-independent
dimerization and its RNA binding function, because these two processes almost overlap in the
N-terminal dsRBDs (40,43,44). These differing conclusions obtained might be due to the
dsRBD mutation employed. A mutant substituted for a highly conserved alanine to glutamate
(A/E) three amino acids downstream of the KKXXK motif (see Fig. 1B, asterisk) used in other
investigations (40,44) may not have been the best choice for analysis. Structural studies indicate
that this conserved alanine is in a α-helix and required for proper folding of the dsRBD as a
hydrophobic residue, whereas the lysines are on a surface-exposed loop that interacts across
the major groove of a dsRNA molecule (36,37). Thus, this mutation is likely to disrupt the
dsRBD structure (36,37). The A/E mutation may appear to lose RNA binding together with
dimerization, causing one to conclude that RNA-dependent dimerization resulted, but this may
just be a result of destabilization of the entire domain structure (40,44).

By utilizing the A/E mutation, it has been shown by bioluminescence resonance energy transfer
analysis of mammalian ADAR2 that dimerization is dependent on RNA binding (44).
Furthermore, a two-hybrid study performed on rat ADAR2 demonstrated that the protein could
not dimerize by utilizing the same A/E mutation, similar to the dADAR studies performed in
the past (40,44). In contrast, the recent fluorescence resonance energy transfer analysis
indicated RNA-independent dimerization of mammalian ADAR2 in vivo by use of RNases
(43). This group re-evaluated their earlier model that dimerization was dependent on RNA
binding, which was based on cross-linking analysis (46). The authors speculate that, in light
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of their newer data, these cross-links may represent an RNA-dependent rearrangement upon
binding RNA and not indicative of dimerization itself (43).

In this study, we have addressed the question of whether dimerization of ADAR1 and ADAR2
is mediated by protein-protein interactions or through their binding to dsRNA. Using new
ADAR1 and ADAR2 mutants defective in their dsRBDs, we have shown that the proteins
could no longer bind dsRNA but were still able to dimerize independent of its substrate. For
this analysis, we chose to make mutations in a KKXXK motif that was located within the dsRBD
(33,36,37). Initially, we created mutations in the first lysine of each KKXXK motif, but this K/
A substitution still retained the ability to bind and edit dsRNA (data not shown). We then chose
to make a more severe mutation in the dsRBDs by substituting the KKXXK motif lysines with
EAA.

The EAA mutations created in ADAR1 and ADAR2 completely abolished their binding to
both a long entirely complementary dsRNA as well as a short dsRNA duplex. As expected,
ADAR1 (EAA) and ADAR2 (EAA) did not have any enzymatic activity, confirming that the
presence of functional dsRBDs is essential for A → I editing activity. By sequential purification
of differentially tagged monomers and size exclusion chromatography, we have shown that
dsRBD mutant ADAR1 and ADAR2 form homodimers which are independent of binding
dsRNA.

We also tested a recombinant yeast-derived full-length human ADAR2 similar to which the
C-terminal crystal structure was solved and was shown to be monomeric in previous studies
(32,45). There may be some differences in a yeast expression system that does not have
endogenous ADAR proteins, as opposed to a metazoan system that normally encodes for
ADAR, perhaps for post-translational modifications. However, the full-length yeast-derived
protein did fractionate at the dimeric size position by size fractionation chromatography
alongside our insect-purified ADAR2, with no presence of a monomeric peak. We have no
explanation as to why this full-length human ADAR2 protein has displayed monomeric
properties in previous studies, but it may be due to the different buffer and/or more
manipulation steps carried out to isolate the protein (45).

Previous studies have shown that having one monomer defective for the deaminase domain
(E396A) disrupts the dimer function only by half (42). Taken together, these data indicate that
a deaminase mutant chimeric dimer (E396A/WT) is able to bind dsRNA but that only one
functional active site is formed and would therefore have partial activity. In contrast, A → I
editing activity of the dsRNA binding mutant chimeric dimer (EAA/WT) is completely lost.
This is because of the defective dsRBDs of one monomer and suggests that cooperative
interactions of functional dsRBDs of both ADAR dimer subunits are required for dsRNA
binding. Having one monomer in the dimer complex that is unable to bind the dsRNA excludes
it from binding its substrate.

ADAR1 homozygous null mutations are embryonically lethal in mice, whereas heterozygotes
are viable (47,48). Dyschromatosis symmetrica hereditaria is a benign heterozygous human
disease of a defective ADAR1 allele that causes aberrant skin pigmentation (9). Interestingly,
more mutations are identified disproportionately in the deaminase domain than in the dsRBDs
of ADAR1. It may perhaps be that mutations identified in the deaminase domain are less severe,
because the chimeric dimers expected to form would still retain some editing activity. The
likely distribution of monomer subunits in a dimer is 1:2:1 for (WT/WT), (Mut/WT), and (Mut/
Mut), suggesting that a heterozygous deaminase mutation would not have as strong an effect
due to its ability to maintain partial activity. In contrast, mutations are rarely found in the
dsRBDs or KKXXK motif, because these alterations would have a more dominant effect when
paired with a wild type partner, thus greatly reducing ADAR function. In this assumption, the
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reduced activity for ADAR could be as low as ¼ with only (WT/WT) dimers having editing
activity, and this may be below a threshold for survival and possibly selected out naturally
during development (47,48). ADAR dimerization can be a potential source of modulation for
RNA editing activity, and these ADAR (EAA) mutants may prove interesting for future studies
in vivo.
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FIGURE 1. ADAR double-stranded RNA binding domains and the KKXXK motif
A, domain structure of ADAR1 and ADAR2 indicating Z-DNA binding domains (triangles),
dsRBD (circles), and the C-terminal deaminase domain (rectangle). The KKXXK motif in each
dsRBD is indicated. B, sequence alignment of the ADAR1 (top) and ADAR2 (bottom) dsRBD
displaying the homology around the KKXXK motif and the mutated lysines to EAXXA (termed
EAA). The asterisk denotes an alanine mutated in other studies.
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FIGURE 2. ADAR dsRBD mutation abolishes binding to long and short dsRNA
A, binding of recombinant proteins to c-Myc dsRNA (583 base pairs) was analyzed by a
nitrocellulose filter binding assay. 10 ng of purified ADAR1 (WT and EAA) (top panel) and
ADAR2 (WT and EAA) (bottom panel) protein were incubated at 30 °C for 5 min in triplicate
with various concentrations of dsRNA substrate. B, binding of recombinant ADAR1 (WT and
EAA) and ADAR2 (WT and EAA) proteins to short dsRNA was examined by electrophoretic
mobility shift assay. Binding of ADAR1 proteins up to 50-fold over Kd values for wild type
(10 nM) and ADAR2 proteins, up to 10-fold over Kd values for wild type (100 nM) to 10
pM 32P-labeled 19 base pairs enhanced green fluorescent protein short interfering RNA was
analyzed on a native 4.5% polyacrylamide gel.
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FIGURE 3. dsRBD mutant ADARs completely lack the A → I modification activity
The A → I conversion of c-Myc dsRNA (20 fmol) was monitored with increasing amounts of
purified recombinant ADAR1 (WT and EAA) (right panel, 3.13, 6.25, 12.5, and 25 ng) and
ADAR2 (WT and EAA) (left panel, 5, 10, 20, and 40 ng) proteins. Following incubation for
1 h at 37 °C, the reaction products were deproteinized, digested with P1 nuclease, and analyzed
by thin layer chromatography. pA, 5′-AMP; pI, 5′-IMP.
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FIGURE 4. Homodimerization of ADAR is independent of dsRNA binding
The ADAR1 (WT and EAA) and ADAR2 (WT and EAA) proteinswere co-expressed in Sf9
cells with its differentially tagged partner. These recombinant proteins were sequentially
purified on an anti-FLAGmAb affinity column (left panel) and then on a second TALON
affinity column (right panel). Western blotting analysis specific for the first purification using
the anti-FLAG M2 mAb indicates the F-tagged protein eluted (left panel) and the anti-His6
mAb reveals the H-tagged protein that is retrieved (right panel), confirming the interaction.
Single purified recombinant F-ADAR2 and H-ADAR2 expressed with one tag was included
to show the specificity of the two mAbs used forWestern blotting analysis (lanes 1, 2, 7, and
8). These F/H-tagged ADAR1 and ADAR2 oligomeric complexes were alsoidentified with the
reciprocal mAb toconfirm the presence of the other monomer subunit partner (not shown).
Approximately 10 ng of each purified protein was loaded onto the SDS-polyacrylamide gels.
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FIGURE 5. Analysis of dsRNA binding mutant ADAR oligomeric complexes by size exclusion
chromatography
Recombinant purified ADAR1 (WT and EAA) (A) and ADAR2 (WT and EAA) (B) proteins
as well as a yeast-derived wild type ADAR2-purified protein (B, lower panel) were fractionated
by Superose 12 gel filtration column chromatography and analyzed by Western blotting using
specific mAb for ADAR1 (A) or ADAR2 (B). The positions of molecular 32 size marker protein
used as the calibration standards are indicated by open arrowheads. The estimated dimer size
for fractions of ADAR1 (~300 kDa) and ADAR2 (~180 kDa) are indicated by black arrows.
Running the samples on a denaturing SDS-polyacrylamide gel allowed confirmation of the
monomeric size for ADAR1 (150 kDa) and ADAR2 (90 kDa).
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FIGURE 6. Dominant negative effects of one dsRBD mutant monomer paired with a wild type
partner
A, the A → I base modification assay for F/H-ADAR2 (WT/WT), F/H-ADAR2 (EAA/WT),
and F/H-ADAR2 (E396A/WT) was carried out with 10 ng of protein for 30 min at 37 °C with
20 fmol of c-Myc dsRNA. B, dsRNA binding assays similar to Fig. 2 were performed with 10
ng of F/H-ADAR2 (WT/WT), F/H-ADAR2 (EAA/WT), F/H-ADAR2 (E396A/WT), and 6.4
nM c-Myc dsRNA. The experiments were normalized to F/H-ADAR2 (WT/WT), and all
experiments were done in triplicate.
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TABLE 1
Percentage of protein yield from sequential co-purification

Percentages are calculated from quantitative Western blot analysis using anti-FLAG and anti-His6 mAbs

FLAG column elution His column elution Total protein recovered

% % %

F-ADAR1 (WT) 87 47 41

H-ADAR1 (WT) 30 100 30

F-ADAR1 (EAA) 81 52 42

H-ADAR1 (EAA) 32 100 32

F-ADAR2 (WT) 89 41 36

H-ADAR2 (WT) 45 100 45

F-ADAR2 (EAA) 90 33 30

H-ADAR2 (EAA) 40 100 40
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