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role of providing the double-stranded structure required by
the DD (10). The two strategies differ by the way the DD
is linked to the RNA guide. Our group has used the �N
peptide-boxB hairpin RNA interaction, a small RNA bind-
ing protein and its target (11,17–19). The �N peptide is
fused to the N-terminus of the DD from human ADAR2
(�N-DD), and the boxB hairpin is fused to the RNA guide.
Although the interaction is not covalent, it is of nanomolar
af�nity and the components are small, making it less likely
that they will interfere with the activity of the DD (11). This
strategy allows both the guide and the editing enzyme to
be fully genetically encoded, an important consideration for
future delivery schemes. It also permits the relative propor-
tion of the guide RNA and DD to be adjusted. Another
group has used a SNAP-tag to join the DD to the RNA
guide (12–16). This approach has the advantage of using a
covalent interaction, and it also allows the addition of mod-
i�ed nucleotides to the guide RNA to provide added stabil-
ity and speci�city. Although the SNAP-tag containing DD
is genetically encodable, the guideRNAmust be delivered in
its �nal form because it needs to be synthesized with a ben-
zylguanine derivative, the substrate for the SNAP-tag. Both
strategies have shown good success and hold much promise
in developing the future potential of SDRE.
Although SDRE has been effectively employed to edit

speci�c A’s, there are hurdles to overcome. Thus far it has
been effective in vitro, in Xenopus oocytes, in human cells,
and, for the �rst time, in a simple animal model (annelid;
11–16
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Figure 1. Positions of RNA editing sites relative to boxB in the RNA guide. (Ai) A schematic of the components in our basic system of SDRE. The target
A (shown in red) is located at a position 19 nt on the 3′ side of the boxB hairpin. Our normal guide RNAs contain a C mismatch (shown in blue) with the
target A. (Aii) Experiments were performed in vitro with 20 RNA guides and detailed results of editing at every A is given in Supporting Table S3. Editing
hot-spots are highlighted in red, n = 3.

An antisense guide RNA directs the enzymatic reaction to
a speci�c adenosine and also provides a nominally double-
stranded structure which is required for deamination (5).
The catalytic domain of ADAR performs the editing reac-
tion. The two are linked through an interaction between the
�N peptide, attached to the catalytic domain, and a boxB
RNA hairpin, attached to the RNA guide. In our previ-
ous study (11), a fully genetically encoded version of SDRE
edited at a low ef�ciency in cells. In addition, because of
variability, it was dif�cult to accurately quantify editing ef-
�ciency in cells. In the present study, we explored the im-
portance of guide oligo design, the linkage between the �N
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Figure 2. Fluorescent reporter system for quantifying editing. (A) Car-
toons of �uorescent protein constructs and plasmids used in this study.

which would �uoresce upon correction. In our previous
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assess functional correction by SDRE. They also con�rmed
that the editing ef�ciency of our system was low.

Multiple �N peptides improve RNA editing efficiency

To improve SDRE, we focused on the linkage between the
deaminase domain and the guide RNA. Our system is two
part, and for editing to occur the deaminase domain must
bind to the guide via the �N:boxB interaction (11). We rea-
soned that the af�nity of this interaction could be an im-
portant determinant of editing ef�ciency, and that the ap-
parent af�nity could be increased by adding more �Ns or
boxBs. We �rst looked at the effects of adding more �Ns.
To test whether this strategy was sound, we added an extra
�N to the amino terminus of �N-DD (Figure 3Ai) and puri-
�ed both the 1�N-DDand 2�N-DDversions from the yeast
Pichia pastoris (11,22–24). These enzymes were then com-
bined with our standard guide and mCherry-eGFP W58X
RNA in vitro and reaction kinetics were monitored under
single-turnover conditions (Figure 3Aii). The addition of
the extra �



PAGE 7 OF 12 Nucleic Acids Research, 2016, Vol. 44, No. 21 e157

Figure 3. Increasing the number of �Ns and boxBs improves editing. (Ai) A schematic showing the addition of N-terminal �N’s. (Aii) Reaction kinetics
of �N-DD and 2�N-DD, puri�ed from Pichia pastoris, were measured using mCherry-eGFP W58X in vitro using our standard 1boxB RNA guide. Rate
constants, estimated from �ts (see Materials and Methods section), were kobs = 0.1 ± 0.02 and 0.3 ± 0.05 min−1 for �N-DD and 2�N-DD, respectively.
Experiments were performed at 35◦C. Constructs with 1–5�Ns connected toDDwere generated and tested in HEK293T cells using the �uorescent reporter
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Figure 4. E488Qmutation introduced into DD increases editing ef�ciency.
(A) Schematic of the E488Q mutation in �N-DD or 4�N-DD. (B) Con-
focal images of HEK293T cells transfected with various components of
SDRE. Scale bars = 12 �m. (C) Quanti�cation of correction in transfec-










