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ABSTRACT

Adenosine-to-inosine (A-to-I) RNA editing is an endogenous regulatory mechanism involved in various biological processes.
Site-specific, editing-state–dependent degradation of target RNA may be a powerful tool both for analyzing the mechanism of
RNA editing and for regulating biological processes. Previously, we designed an artificial hammerhead ribozyme (HHR) for
selective, site-specific RNA cleavage dependent on the A-to-I RNA editing state. In the present work, we developed an
improved strategy for constructing a trans-acting HHR that specifically cleaves target editing sites in the adenosine but not the
inosine state. Specificity for unedited sites was achieved by utilizing a sequence encoding the intrinsic cleavage specificity of a
natural HHR. We used in vitro selection methods in an HHR library to select for an extended HHR containing a tertiary
stabilization motif that facilitates HHR folding into an active conformation. By using this method, we successfully constructed
highly active HHRs with unedited-specific cleavage. Moreover, using HHR cleavage followed by direct sequencing, we
demonstrated that this ribozyme could cleave serotonin 2C receptor (HTR2C) mRNA extracted from mouse brain, depending
on the site-specific editing state. This unedited-specific cleavage also enabled us to analyze the effect of editing state at the E
and C sites on editing at other sites by using direct sequencing for the simultaneous quantification of the editing ratio at
multiple sites. Our approach has the potential to elucidate the mechanism underlying the interdependencies of different
editing states in substrate RNA with multiple editing sites.
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INTRODUCTION

Substitutional RNA editing is a mechanism that alters geno-
mic information after transcription (Maas and Rich 2000;
Bass 2002; Farajollahi and Maas 2010). A-to-I RNA editing,
which converts specific sites of adenosine (A) to inosine (I),
is the most common event in Metazoans; for review of their
known biological functions, see Nishikura (2010); these func-
tions include alterations in the amino acid sequence because
inosine is decoded as guanosine (Higuchi et al. 1993; Burns
et al. 1997; Rueter et al. 1999), regulation of alternative splic-
ing (Rueter et al. 1999; Bratt and Ohman 2003; Schoft et al.
2007), changes in RNA stability and RNA localization (Pra-
santh et al. 2005; Chen et al. 2008), protection against viral
RNA by hyper-editing (Gelinas et al. 2011), and modulation
of the maturation and specificity of miRNA (Yang et al.
2006; Kawahara et al. 2007; Vesely et al. 2012). Recently, it
has also been reported that A-to-I RNA editing is related
to embryological development (Higuchi et al. 2000; Wang

et al. 2000) and differentiation (Osenberg et al. 2010).
Although biological and biochemical data, in addition to
RNA editome analysis from high-throughput RNA sequenc-
ing data (Park et al. 2012; Peng et al. 2012), have indicated that
A-to-I RNA editing is related to the regulation of various bi-
ological processes, many of the detailed biological functions
of such editing are still unclear.
The most studied examples of A-to-I editing occurring

in coding regions are the glutamate receptor subunit B
(GRIA2) (Sommer et al. 1991) and the serotonin 2C receptor
(HTR2C) (Burns et al. 1997); these editing processes are es-
sential for the proper functioning of the nervous system
(Hood and Emeson 2012). In contrast to GRIA2, HTR2C
pre-mRNA is edited at the proximal five adenosines, which
have been named the A, B, E, C, and D sites, in exon V (Fig.
1B). Therefore, combinatorial editing at these sites can lead
to 24 different isoforms, with various receptor functions of
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G-protein coupling and serotonin affinity (Werry et al. 2008).
On the other hand, the five editing sites on HTR2C pre-
mRNA are closely spaced, and it is believed that editing at
one site would correlate with further editing at other site

(Du et al. 2006; Enstero et al. 2009; Carmel et al. 2012).
Although the A-to-I RNA editing pattern that is formed by
these editing sites on HTR2C mRNA can regulate receptor
function and the subsequent signal transmission, the detailed
mechanism of interdependencies between the editing states
remains unclear.
A method for specific target RNA cleavage depending on

the A-to-I RNA editing state would be a useful tool for ana-
lyzing the functions of individual editing processes. The
hammerhead ribozyme (HHR) is chosen for this purpose
because of its target RNA cleavage activity. Minimal trans-
cleaving HHRs engineered by modifying natural HHRs
(Uhlenbeck 1987; Haseloff and Gerlach 1988) have been
used for specific-target RNA cleavage in vitro and in vivo
(Goodchild 2002; Citti and Rainaldi 2005; Tedeschi et al.
2009). Since minimal-HHR (minHHR) consists of a con-
served central catalytic core and two hybridizing arms for rec-
ognizing the target sequence, a target-specific HHR can be
simply designed by altering the sequences of the hybridizing
arms against the target RNA sequence according to Watson-
Crick base-pairing rules. Generally, an HHR can cleave target
RNAwith an NHH triplet at the phosphodiester bond at 3′ to
the second H, where N is any nucleotide, and H can be either
A, C, or U, but not G (Fig. 1A; Kore et al. 1998). Hence, this
intrinsic cleavage specificity for NHH triplets has been uti-
lized for mutation-specific RNA cleavage (Scherr et al.
1997; Lewin et al. 1998; Dawson and Marini 2000). Due to
the similarity of the chemical structure of guanosine and ino-
sine, it was considered that both H positions could be utilized
for A-to-I RNA editing recognition.
In contrast to minHHR, most of the natural HHRs form

tertiary interactions that stabilize their catalytically active
structure. For instance, the SMα1 hammerhead ribozyme
from Schistosoma mansoni (Ferbeyre et al. 1998; Vazquez-
Tello et al. 2002) is stabilized by tertiary interactions between
loop II and a symmetrical internal bulge in stem I. These cis-
acting HHRs with tertiary stabilizing motifs (TSMs) showed
high cleavage activity even at lowMg2+ concentrations similar
to physiological conditions (De la Peña et al. 2003; Khvorova
et al. 2003; Penedo et al. 2004). Trans-acting HHRs with a
TSM, called extendedHHRs (exHHRs), have also been devel-
oped by sequence design using natural TSMs from peach la-
tent mosaic viroid (PLMVd) and eggplant latent viroid
(ELVd) ribozyme (Carbonell et al. 2011). Additionally, an ar-
tificial TSM has been generated by a combinatorial method
using Systematic Evolution of Ligands by EXponential en-
richment (SELEX) so as to efficiently cleave target RNA at
the physiological Mg2+ concentration (Saksmerprome et al.
2004).
We have previously reported a method for constructing a

trans-acting HHR for target RNA cleavage based on A-to-I
RNA editing (Fukuda et al. 2012). In this strategy, editing rec-
ognition ability was introduced into the canonical minHHR
by substituting the recognition nucleotide, in which base-
pairing is highly sensitive to cleavage activity (Werner and

Stem I

Loop II
Stem II

Stem III

Cleavage site

5’

5’3’

3’

Substrate RNA
N

N D

H
H

Hammerhead
Ribozyme

catalytic core

0 2 5 10 20 40 60 90 120 min

0 2 5 10 20 40 60 90 120 min

UAA: HTR2C-wt

UIA: HTR2C-Eino

A

B

C

The first H
The second H

A B E C D

AGGAUAACG--CGUUAUGCAU
A

catalytic core(minHR-HTR2C-Eedit)

(HTR2C RNA)
-GUAGCAAUACGUX   UCCUAUUGAGCA-5’
3’

3’
5’

X = A (HTR2C-wt)
= I (HTR2C-Eino)

FIGURE 1. Construction of the trans-acting HHR designed utilizing
the NHH preference for specific target cleavage depending on the
site-specific A-to-I unedited state. (A) Schematic representation of
minimal-HHR (minHHR) with NHH cleavage preference. HHR and
substrate RNA are shown as black and gray lines, respectively, and
dashed lines indicate the base-pair interactions. A minHHR has three
stems: Stem I and stem III are in the hybridizing arms for recognizing
the target sequence with Watson-Crick base-pairing, and stem–loop II
is in the catalytic core. On the substrate RNA, black and gray circles
denote the first and second H positions, respectively. The nucleotide de-
noted as D (A or G or U, except for C) forms a base pair with the first
H. (B) HHR design utilizing the first H position of NHH specificity for
specific HTR2C RNA cleavage when the E site is unedited. Sequences of
ribozyme (HR-HTR2C-Eedit) and a part of the synthetic HTR2C RNA
fragment are shown. The nucleotides corresponding to the NHH triplet
are indicated in gray. The editing sites of adenosines on theHTR2C RNA
are indicated as black arrowheads, in which only the E site is represented
as X (A or I). HR-HTR2C-Eedit was designed to set the E site to the sec-
ond H position for unedited-specific cleavage. The sequence of the cat-
alytic core is 5′-CUGAUGAGGCCGAAAGGCCGAA-3′. Substrate
RNAs that are unedited (X = A) and edited (X = I) at the E site are de-
noted as HTR2C-wt and HTR2C-Eino, respectively. (C) Analysis of
A-to-I unedited-specific cleavage by HR-HTR2C-Eedit using denatur-
ing PAGE (15%). The cleavage reaction was performed with HTR2C-
wt (upper) and HTR2C-Eino (lower) in the presence of an excess of
HR-HTR2C-Eedit at 37°C for different times. The positions of the re-
sulting 5′-cleavage products (P) are indicated.
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Uhlenbeck 1995), to cytosine for pairing only with inosine
and not with adenosine. Although the resulting HHR certain-
ly showed specific cleavage activity against the edited target
RNA, inverse recognition could not be achieved using the
same design strategy because there is no natural nucleotide-
forming base pair with only adenosine and not inosine. In
order to generate an HHRwith unedited-specific cleavage ac-
tivity, another HHR strategy is required.

Here, we report a strategy for constructing an artificial
exHHR specifically cleaving target RNA when the target ed-
iting site is adenosine but not inosine in order to develop a
method for target RNA cleavage based on A-to-I RNA edit-
ing. First, to validate that intrinsic NHH cleavage specificity
can be used for unedited target-specific cleavage, we designed
a minHHR in which the first H position corresponds to the E
site, which is one of the editing sites on HTR2C pre-mRNA,
according to conventional HHR design. Next, we performed
in vitro selection with a partially randomized HHR library to
select an exHHR containing the artificial TSM to construct a
more effective HHR. We also showed the framework of the
selected HHR could be applied to other target sequence for
unedited-specific cleavage. Furthermore, the resulting HHR
was applied to cleave HTR2C mRNA extracted from the
mouse brain in an unedited-specific manner. This unedit-
ed-specific cleavage can also be utilized to analyze the effect
of the editing state at the E and C site on editing at other sites.

RESULTS

Ribozyme design for specific unedited-target RNA
cleavage based on minimal hammerhead ribozyme

Since HHR has NHH specificity in target-sequence cleavage
(Fig. 1A), engineered trans-HHR does not show cleavage ac-
tivity on the substrate RNA when the first H position is G
(NHH: first H position is underlined). Additionally, as this
position must form a base pair during HHR cleavage activity,
this position has been used to facilitate allele-specific cleavage
on target RNAs (Dawson and Marini 2000). The chemical
structure of inosine is similar to that of guanosine; this spe-
cificity could also be applied for A-to-I RNA editing recogni-
tion, i.e., to engineer a ribozyme that specifically cleaves
substrate RNA only when its target site remains unedited.
To determine whether this position can be available for un-
edited-specific target RNA cleavage, we designed a trans-
HHR based on the minHHR structure to cleave HTR2C
RNA depending on the editing state at the E site, which is
one of the editing sites on the HTR2C pre-mRNA (Fig.
1B). According to conventional HHR design, hybridizing
arms that form stem I and stem III were designed so that E
site was positioned at the first H position. In this experiment,
unedited substrate RNAwas labeled UAA (the E site is under-
lined) and edited substrate was represented as UIA, per NHH
notation. The catalytic core sequence from HH16 (5′-
CUGAUGAGGCCGAAAGGCCGAA-3′; the hammerhead

consensus sequences are underlined), which has been well
characterized with regard to its cleavage kinetics and specific-
ity (Hertel et al. 1994, 1996; Kore et al. 1998) was used. The
cleavage activity and A-to-I recognition of the designed HHR
(minHR-HTR2C-Eedit) was assessed by in vitro cleavage as-
says using syntheticHTR2C RNA fragments in which the tar-
get triplet was UAA (HTR2C-wt) or UIA (HTR2C-Eino) (Fig.
1C). In this assay, each 32P-labeled 37-nucleotide RNA frag-
ment was annealed in the presence of an excess of minHR-
HTR2C-Eedit to analyze cleavage activity under single-turn-
over conditions. After starting the cleavage reaction by adding
20 mM MgCl2, cleavage fragments at each reaction time
point were separated by denaturing polyacrylamide gel elec-
trophoresis (PAGE), and then the cleavage fractions were
determined from the band intensities. In the reaction with
HTR2C-wt, a cleavage band was observed after 20 min (Fig.
1C, upper panel), but almost no cleavage was observed at
this time point in HTR2C-Eino (Fig. 1C, lower panel). The
cleavage fractions were 0.14 for HTR2C-wt and 0.01 for
HTR2C-Eino at 120 min. These results indicated that the first
H position could be used for unedited-specific cleavage, but
this cleavage activity against unedited-substrate was signifi-
cantly lower than the general HHR used for target RNA cleav-
age. In order to construct an HHR with more efficient
unedited-specific cleavage activity, it was necessary to im-
prove cleavage activity against the UAA substrate.

Library design and in vitro selection for
an extended hammerhead ribozyme with
efficient unedited-specific cleavage

To improve cleavage activity against the UAA substrate, we
targeted the basic frame of exHHR. In contrast to
minHHR, in which the peripheral loop I is deleted, most nat-
ural HHRs have a tertiary stabilizing motif (TSM) formed by
interactions between loops I and II (Khvorova et al. 2003).
Because these TSMs increase the cleavage activity of HHRs
by stabilizing their active structure, they have been utilized
for generating trans-acting HHRs with improved target
RNA cleavage (Saksmerprome et al. 2004; Carbonell et al.
2011). Therefore, we predicted that the TSM could be used
to improve the basic cleavage activity and thus enhance
UAA cleavage activity. In designing an extended trans-acting
HHR with an optimal TSM for effective target RNA cleavage,
we considered the size and nucleotide sequence of the TSM
and its location in the HHR structure. Previous studies
have generated artificial TSMs by the SELEX method using
an HHR library that was partially randomized at loops I or
II (Saksmerprome et al. 2004). Indeed, these artificially opti-
mized combinations of the loop sequences improved HHR
cleavage activity, but these optimizations were performed us-
ing fixed lengths of stems Ia and II. Because the lengths of
stems II and Ia affect the position and geometry of the loops,
simultaneous optimization of stem length would make con-
struction of optimal TSM for target RNA more efficient.
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Therefore, we generated another partially randomized HHR
library in which both the sequence and the length of stem–

loop II could be optimized against a fixed length of stem Ia
and loop I (Fig. 2A). The catalytic core region including
stem–loop II and the nucleotide paired with the E site was
varied with 21 randomized nucleotides except for the HHR
consensus sequence of 5′-CUGA-3′. Four randomized nucle-
otides were introduced into the stem I region as an artificial
loop I 6 nt downstream from the 5′-CUGA-3′ consensus se-
quence. When introducing loop I at this position, stem Ia was
fixed at 6 bp. Stem III was forced to form a 6-bp match with
the target RNA to select for active HHRs in the following step.
In this design, 14 nt could be used to form the stem–loop

structure, where the length of loop II would be 8, 6, or 4 nt
when the length of stem II was 3, 4, or 5 bp, respectively.
Although the combinations of loop II and stem II lengths
were restricted, this HHR library included variable stem–

loop II structures by fully randomizing the stem–loop II re-
gion.We chose to fix the CUGA consensus sequence, because
this approach reduced the diversity of the library and restrict-
ed the target cleavage site of the selected HHR. Active HHRs
cleaving the nascent site were predominantly selected when
the catalytic core was fully randomized, because GUA (E
site is underlined) is a preferred triplet for HHR cleavage
(data not shown). The position of the nucleotide paired
with the target-editing site was also randomized, thus permit-

ting the possibility of a new base opti-
mized for the UAA substrate. This RNA
library was transcribed in vitro using the
double-stranded DNA template generat-
ed from partially randomized synthetic
oligonucleotides by primer extension.
As the target RNA, the synthetic HTR2C
RNA fragment was 5′-biotinylated for
immobilization on streptavidin magnetic
beads (Fig. 2A). The selection was per-
formed according to the reportedmethod
for obtaining trans-HHR with slight
modifications (Fig. 2B; Persson et al.
2002). First, a gel-purified RNA library
was annealed to the 5′-biotinylated target
RNA. Next, the RNA library-target RNA
complex was immobilized on the mag-
netic beads through the biotin-avidin
interaction. After washing to remove un-
bound RNA, the cleavage reaction was
initiated by adding 20 mM MgCl2. After
a 30-min on-bead cleavage reaction, the
supernatant containing active HHR was
collected. The collected fraction was sub-
jected to reverse-transcription polymer-
ase chain reaction (RT-PCR) to amplify
the next DNA library and was transcribed
to regenerate the RNA library. After six
rounds of selection, each selected RNA
was sequenced following the cloning of
the DNA library (Fig. 2C). As a result,
we obtained three RNA clones (HR-F39,
HR-F43, andHR-F48) with the hammer-
head consensus sequence (5′-CUGAN
GA-GAA-3′) (Fig. 2C, underlined). In
each of the HHR candidates, uridine
pairedwith the E site. Based on secondary
structural prediction, the lengths of loop
II and stem II in HR-F39 and HR-F43
were 6 nt and 4 bp, respectively. These
lengths were different in HR-F48 as loop
II was predicted to be 8 nt and stem II
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FIGURE 2. Construction of the extended-HHR (HHR) for effective unedited-specific cleavage
by an in vitro selection method with a partially randomized HHR library. (A) Schematic illustra-
tion (upper) and the nucleotide sequences (lower) of the partially randomized HHR library for
selecting exHHR cleaving UAA substrate. In this picture, the positions of target triplet nucleotides
are indicated as black circles and each stem region (stem III, stem Ia, and stem Ib) is represented.
Fixed and randomized nucleotides are represented as white and gray circles, respectively. The
white arrowhead indicates the target cleavage site. Based on minHR-HTR2C-Eedit, four random-
ized nucleotides were introduced into stem I as an artificial loop 1 that has a potential to form a
tertiary stabilizing motif with loop II. The catalytic core region including the stem II–loop II and
the nucleotide paired with the E site were substituted with 21 randomized nucleotides. In order to
select the HHR cleaving at the target site, the consensus sequence of 5′-CUGA-3′ was fixed. The
region of helix Ia, Ib, and III was designed to form base-pairing with the target RNA, and the
lengths of each of these regions were 6, 11, and 5 bp, respectively. The target RNA based on
the HTR2C RNA sequence was 5′-biotinylated for subsequent selection. (B) Schematic represen-
tation of in vitro selection method for obtaining active exHHRs. First, the RNA library was an-
nealed with 5′-biotinylated target RNA, and then the resulting complex was immobilized on
streptavidin-coated magnetic beads. After performing an on-beads cleavage reaction, the super-
natant containing the ribozyme candidates that dissociated from the beads due to their cleavage
activity was collected. Next, RT-PCR was performed with specific primers for the amplification of
cDNA from the selected ribozyme, and then the RNA library was regenerated with amplified
dsDNA as a template in an in vitro transcription reaction. (C) Nucleotide sequences of selected
HHR candidates after eight rounds of in vitro selection. The sequence of HHR library and the
selected RNAs were indicated. The corresponding regions for stem Ia, loop I, stem Ib, catalytic
core including stem–loop II, and stem III are denoted in parentheses above the sequences: (N)
random nucleotide. Canonical HHR consensus sequences (5′-CUGANGA-GAA-3′) are under-
lined. Nucleotides that were predicted to form stem II are represented in gray, and the nucleotide
paired with E site is denoted in italics.
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was predicted to be 3 bp. The sequence of stem II was com-
posed of G-C base pairs in all the selected RNAs.

In vitro trans-cleavage activity and specificity of the
selected ribozyme against the HTR2C RNA fragment

In order to verify the cleavage activity and specificity of the
selected exHHR candidates, a cleavage assay was performed
using HTR2C-wt and HTR2C-Eino mRNA according to
the method described above (Fig. 3). The cleavage rates of
HR-F39 and HR-F43 against HTR2C-wt were greater than
100-fold higher than that of miniHR-HTR2C-Eedit (HR-
F39: 0.49 min−1; HR-F43: 0.65 min−1). Although HR-F48
had less activity than the other selected HHRs, the cleavage
rates of all the selected HHRs were higher than that of
minHHR. The fraction of the product at the endpoint of
the reaction (F∞) was higher for HTR2C-wt (HR-F39: 0.87;
HR-F43: 0.65; HR-F48: 0.78) than for HTR2C-Eino (HR-
F39: 0.05; HR-F43: 0.04; HR-F48: 0.05) (Table 1). These
data indicated that these HHRs efficiently and specifically
cleaved HTR2C RNA wherein the E site was unedited.

To assess the validity of introducing the tetra-loop se-
quence into the partially randomized RNA library, we syn-
thesized HR-F39 (-L) by deleting loop I (GGAA) from HR-
F39 and subsequently performed the cleavage assay against
HTR2C-wt (Supplemental Fig. S1). Based on an analysis

of the band intensities, the rate of cleavage and F∞ were
0.006 min−1 and 0.25, respectively (Table 1). These values
were lower than those of the parental HR-F39, and the cleav-
age activity of HR-F39 (-L) was similar to that of minHR-
HTR2C-Eedit (Supplemental Fig. S1). These data indicated
that the artificial tetra-loop sequence significantly improved
the cleavage activity.
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FIGURE 3. Time course of cleavage reaction and kinetic analysis of selected HHRs for the UAA (HTR2C-wt) and UIA (HTR2C-Eino) substrates
under single-turnover conditions. (A) Denaturing PAGE (15%) showing the time course of cleavage of HTR2C-wt (left) and HTR2C-Eino (right)
by the selected HHRs. (B) Graphs representing the cleavage ratio as a function of reaction time. Each data point for individual sets of ribozyme
and substrate (ribozyme/substrate) is represented as circles (HHR/HTR2C-wt) and triangles (HHR/HTR2C-Eino). The cleavage ratio at different
time points was determined using quantitative scanning of the corresponding gel bands and calculated using the expression P/(S + P), in which S
and P represent the intensities of the substrate band and cleavage product band, respectively. All data were obtained from two independent experi-
ments for reproducibility. Fitting curves were generated using a single-exponential equation. The kinetic parameters obtained from this experiment
are summarized in Table 1.

TABLE 1. Kinetic parameters of hammerhead ribozymes against
RNA substrates

Ribozyme Substrate kcat (min−1)a F∞
b

HR-HR2C-Eedit HTR2C-wt 0.003 ± <0.001 0.45
HTR2C-Eino 0.001 ± <0.001 0.05

HR-F39 HTR2C-wt 0.49 ± <0.038 0.87
HTR2C-Eino 0.17 ± 0.058 0.05
HTR2C-Cino 0.017 ± <0.001 0.76
HTR2C-L-wt 0.35 ± 0.015 0.97
HTR2C-L-Egua 0.39 ± 0.44 0.01

HR-F39(-L) HTR2C-wt 0.006 ± <0.001 0.25
HR-F43 HTR2C-wt 0.65 ± 0.095 0.65

HTR2C-Eino 0.18 ± 0.067 0.04
HR-F48 HTR2C-wt 0.067 ± 0.003 0.78

HTR2C-Eino 0.054 ± <0.001 0.05
HR-F39-NEIL1 NEIL1-ade 0.05 ± <0.001 0.81

NEIL1-ino 0.02 ± 0.003 0.00

aCleavage rate constant.
bFraction of product at the end point of the reaction.
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In HTR2C pre-mRNA, there is another editing site, the C
site, adjacent to the E site, which corresponds to the second
H based on the sequence of HR-F39. Similar to the first H in
theNHHpreference, the secondH position cannot be guano-
sine. If the same strategy could be applied to the secondH, this
position could also be utilized forHTR2C RNA cleavage in an
unedited, C-site-specific manner. In order to assess the cleav-
age characteristics when the second H position is inosine, we
performed the cleavage assay using HR-F39 against the UAI
substrate (HTR2C-Cino) (Fig. 4). The cleavage rate of the
HTR2C-Cino (0.017 min−1) was ∼30-fold lower than that of
theHTR2C-wt RNA fragment. This suggested that C-site ed-
iting inhibited the cleavage activity of HR-F39. These results
indicated that the secondHposition could also be used for un-
edited-specific cleavage aswith the firstHposition. In contrast
to the cleavage rate forHTR2C-Cino, the F∞ values were sim-

ilar for HTR2C-Cino (0.76) and HTR2C-wt (0.87) (Fig. 4C;
Table 1). These results indicated that HR-F39 specifically
cleaved HTR2C-Cino when the reaction time was short and
cleaved HTR2C RNA independent of its C-site editing state
when the reaction time was longer. Therefore, in the case of
the C site, HR-F39 can be used for editing-dependent or inde-
pendent cleavage by controlling the reaction time.

Substrate-sequence and Mg2+-concentration
dependency of the selected hammerhead framework

Several RNAs are subjected to A-to-I RNA editing in various
organisms. Since the target sequence of HHR can be changed
easily by substituting the sequence at stem I and III, our ribo-
zyme can be applied for unedited-specific cleavage of the oth-
er editing site. To determine whether our selected ribozyme
framework could be applied to any editing site, we performed
a cleavage assay against an mRNA fragment of the human
DNA repair enzyme Nei endonuclease VIII-like 1 (NEIL1),
which contains a K/R site that is an A-to-I editing site in the
coding region (Fig. 5A; Yeo et al. 2010). Accordingly, for un-
edited-specific cleavage, the HHR was designed to hybridize
withNEIL1 RNA in the stem I and III region, and the catalytic
core and loop II sequences were used in HR-F39 (HRF39-
NEIL1) (Fig. 5A). The cleavage activity against unedited
NEIL1 RNA (NEIL1-ade) was significantly higher than that
of edited NEIL1 RNA (NEIL1-ino) (Fig. 5B,C). Compared
with the cleavage rate of unedited HTR2C and NEIL1, the
rate of HRF39-NEIL1 activity against NEIL1-ade (kcat:
0.051) was slower than that againstHTR2C. Although the se-
quence around the cleavage site changed the cleavage charac-
teristics of the HR-F39 framework, our editing recognition
design was effective for unedited-specific cleavage of target
RNAs other than HTR2C.
Cleavage activity of HHR is highly restricted by low Mg2+

concentration. Since physiological Mg2+ concentrations are
thought to be submillimolar, HHR must be active at physio-
logicalMg2+ concentrations in order to be used for intracellu-
lar applications. To test the potential of selected HHR for
intracellular applications, we analyzed the cleavage activity
ofHR-F39 under differentMg2+ concentrations. The cleavage
assay was performed usingHTR2C-wt and HR-F39 in buffers
containing 1, 2, 5, and 10 mM MgCl2. The cleavage rate was
highest at 20mMMgCl2 and decreased as theMgCl22 concen-
tration decreased (Fig. 5D). The Fmax values were similar in
buffers with 5, 10, and 20mMMgCl2 (Figs. 3B; 5D), but there
was a significant reduction between 5 and 2 mMMgCl2. At 1
mMMgCl2, the cleavage activity was nearly absent. These re-
sults indicated that HR-F39 is not suitable for use in vivo.
Since the HHRs constructed in this study were selected under
conditions of 20mMMgCl2, it is not surprising that the cleav-
age activity was reduced at lower Mg2+ concentrations. In a
previous study, the limitation of Mg2+ concentration was
overcome with the TSM (Saksmerprome et al. 2004).
Therefore, our method may be used to optimize HHR for
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tides corresponding to the NHH triplet are indicated in gray. The E and
C sites are indicated as black arrowheads. Sequence of the catalytic core
including the stem–loop II is 5′-CUGACGAGGCCUCCUACGGCC
GAA-3′ as shown in Figure 2C. HTR2C-wt edited at the C site is repre-
sented as HTR2C-Cino. (B) Cleavage assay for cleavage specificity of
HR-F39 at the second H position. Denaturing PAGE (15%) shows the
cleavage activity of HR-F39 forHTR2C-Cino. Positions of the uncleaved
substrate and the resulting 5′-cleavage products are indicated. (C)
Summary of the cleavage characteristics of HR-F39 for HTR2C RNA
fragments that are edited at the first or the second H position. The graph
represents the cleavage ratio of HR-F39/HTR2C RNA as a function of
reaction time. The data for HTR2C RNAs are represented as circles
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The data from HTR2C-wt and HTR2C-Eino are the same in Figure
3B. All data were obtained from two independent experiments for re-
producibility. Fitting curves were generated using a single-exponential
equation. Kinetic parameters obtained from this experiment are sum-
marized in Table 1.

Hammerhead ribozyme recognizing A-to-I RNA editing

www.rnajournal.org 397



intercellular applications by changing the Mg2+ requirement
to a physiological concentration.

Efficient unedited-specific cleavage against long target
RNA and the correlation between the editing ratio
determined by the cleavage assay and the direct-
sequencing method

We next evaluate whether our HHR applies not only to short
synthetic RNA but also to longer RNA, such as mRNA ex-

tracted from cells. As shown in the previous experiment,
utilizing 32P-labeled target RNA and PAGE is an effective
method for analyzing cleavage activity against short RNA.
However, this method is not feasible for long target RNA, es-
pecially in an extracted RNA. For this kind of target RNA, di-
rect sequencing using fluorescent dideoxy sequencing could
be an alternative method for analyzing editing-dependent
cleavage. Since inosine is converted to guanosine during
RT-PCR, the editing ratio at sites of interest can be analyzed
by calculating the A and G (or C and T) peak heights ob-
tained from the sequencing chromatogram (Nurpeisov
et al. 2003; Eggington et al. 2011). Therefore, we analyzed
the unedited-specific cleavage activity of our HHR by quan-
tifying the change in the editing ratio from the initial ratio. To
validate this analytical method, we performed the following
experiment and simultaneously analyzed unedited-specific
cleavage by both analytical PAGE and direct sequencing.
First, we analyzed unedited-specific cleavage of HR-F39
against long HTR2C RNA by analytical PAGE according to
the experiment described for short RNA. As a target RNA
in this assay, a 192-nt HTR2C RNA fragment around the 5′

editing site was synthesized by in vitro transcription
(HTR2C-L-Eade), and the adenosine at the E site was substi-
tuted to guanosine as an analog of inosine (HTR2C-L-Egua).
As expected, the results of cleavage assay showed that HR-F39
efficiently cleaved HTR2C-L-Eade, and there was almost no
cleavage activity againstHTR2C-L-Egua (Fig. 6A). The cleav-
age activity and specificity for longHTR2C RNAwere similar
to those of shortHTR2C RNA (Fig. 3A,B). Next, we analyzed
HR-F39 cleavage activity by direct sequencing. To do so, the
target RNA was prepared by mixing HTR2C-L-Eade and
HTR2C-L-Egua at a molar ratio of 5 to 1. The cleavage reac-
tion was performed with 2 nM of mixed RNA and 1 μM of
HR-F39. After initiation of the cleavage reaction by adding
20 mM MgCl2, the cleavage samples were subject to RT-
PCR and direct sequencing to analyze the editing ratios at
each time point. The editing ratios increased over time
from an initial editing ratio of 0.19 to a final editing ratio
of 0.88 (Fig. 6B).
Additionally, we assessed the correlation between the

cleavage of unedited HTR2C RNA by HR-F39 and the frac-
tion of uneditedHTR2C RNA determined by direct sequenc-
ing. Ignoring the cleavage of edited HTR2C RNA, the
theoretical editing ratio can be calculated with the following
equation, which takes into account the initial editing ratio
measured by direct sequencing and the cleavage ratio mea-
sured by analytical PAGE: ER = ERini/[(1-URini) × CR],
where ER is the editing ratio; ERini and URini are the initial
editing and un-editing ratio, respectively; and CR is the cleav-
age ratio. A scatter plot demonstrates the correlation between
the experimental editing ratio and the calculated editing ratio
(Fig. 6C). The trendline for the scatter plot had a y-intercept
of 0.00 and a slope of 0.92, and the Pearson R value was 1.00.
These results demonstrate that the unedited-specific cleavage
of HR-F39 can be analyzed using direct sequencing.
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(HR-F39-NEIL1) and the synthetic NEIL1 RNA fragment (NEIL1
RNA). The sequence of the catalytic core was used for the HR-F39 se-
quence. The adenosine editing sites on the HTR2C RNA are indicated
with black arrowheads. (B) Analysis of A-to-I unedited-specific cleavage
by HR-F39-NEIL1 using denaturing PAGE (15%). The cleavage reaction
was performed withNEIL1 RNA in which the editing site was adenosine
(NEIL1-ade) or inosine (NEIL1-ino) in the presence of excess HR-F39-
NEIL1 at 37°C for different durations. The positions of the resulting 5′-
cleavage products (P) are indicated. (C)Graphs representing the cleavage
ratio as a function of reaction time. Each data point for individual sets of
ribozyme and substrate (ribozyme/substrate) is represented as circles
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determinedbyquantitationof thecorrespondinggelbandsandcalculated
by P/(S + P), where S and P represent the intensity of the substrate band
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two independent experiments to ensure reproducibility. Best-fit curves
were generated using a single-exponential equation. The kinetic parame-
ters obtained from this experiment are summarized in Table 1.
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A-to-I RNA editing-dependent
cleavage of physiological HTR2C
mRNA extracted from mouse brain
and the effect of E- and C-site editing
state on editing at other sites

We next assessed the unedited-specific
cleavage activity of the ribozyme against
HTR2C mRNA extracted from mouse
brain. Since there is a basal rate of
HTR2C mRNA editing, extracted total
RNA was expected to contain a mixture
of HTR2C mRNA edited at the E site
and/orC site (Fig. 8A, control, see below).
First, we determined the cleavage efficien-
cy of HR-F39 against extracted HTR2C
mRNAby reverse-transcription quantita-
tive PCR (Fig. 7A). Total RNA extracted
from mouse brain was annealed with
and without excess HR-F39 followed by
the cleavage reaction. At different time
points after initiation of the cleavage
reaction (0, 30, and 60 min), RNA sam-
ples were subjected to reverse transcrip-
tion with random-hexamer primers in
order to generate HTR2C cDNA. Then,
to quantify the reduction in HTR2C
mRNA due to HHR cleavage, qPCR was
performed using HTR2C-specific prim-
ers that amplify the cDNA around the E
andC sites (Fig. 7B). In theHHRreaction,
HTR2C mRNA was reduced to ∼20%
after a 60-min reaction, and the cleavage
reaction was saturated at 30 min. Al-
though we confirmed that HR-F39
cleaved HTR2C mRNA efficiently, it re-
mained unclear whether this reaction
was dependent on E- and C-site editing
state. Therefore, in order to quantify the
efficiency of unedited-specific cleavage,
we analyzed the change in editing ratio as-
sociatedwith the cleavage reaction ofHR-
F39 at theEandCsites (Fig. 7A).Toquan-
tify the A-to-I editing ratios at the E andC
sites, RT-PCR fragments were subjected
to direct sequencing with the reverse
primer. Each editing ratio was calculated
by measuring the T and C peak heights
in the resulting sequencing chromato-
grams (Fig. 7C). As compared with the
change in the editing ratio at the E site
without HR-F39 (Fig. 5C, open circles),
the editing ratio with HR-F39 increased
over time, with ratios of 0.04, 0.12, 0.13,
and 0.15 at 0, 0.5, 1, and 6 h, respectively
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(Fig. 7C, closed circles). Combined with the results of qPCR,
this increase in the editing ratio indicated that HR-F39 specif-
ically cleavedHTR2C RNAwith an unedited E site. Using the
equation shown above, we estimated that ∼73% of unedited-
HTR2Cwas cleaved in a 1-h reaction. This altered editing ratio
was confirmed by qPCR. These results showed that HR-F39
could cleave physiological HTR2C mRNA from tissue-ex-
tracted total RNA in an unedited-specific manner.

In the case of the C site (Fig. 7C, triangles), the change in
editing ratios differed with and without the HR-F39 reaction.
However, with the HR-F39 reaction, these changes were
bidirectional, and the editing ratios were 0.23, 0.37, 0.37,
0.34, and 0.26 at each time point (Fig. 7C, closed triangles).
Based on the cleavage characteristics of HR-F39 against
HTR2C-Cino shown in the above experiment (Fig. 4), we
concluded that the increase in editing ratio at the initial stage
of the cleavage reaction resulted from the specific cleavage of
the uneditedmRNA at the C site. In contrast, a gradual reduc-
tion in the ratio was observed for longer reaction times due to

the cleavage of edited HTR2C mRNA.
Under physiological conditions, HTR2C
mRNA is subject to A-to-I RNA editing
not only at the E site but also at the
C site. Therefore, the possible sequence
combinations of the E and C sites (E-C)
are A-A, A-I, I-A, and I-I (Fig. 7A).
Based on results of the in vitro cleavage
assay, we predicted the order of the cleav-
age events in physiological HTR2C
mRNA to be A-A first and then I-A;
thereafter, most of the A-I and I-I se-
quences would remain even after long re-
action times. This cleavage order was also
observed as a bidirectional change in the
editing ratio at the C site with reaction
time (Fig. 7C). These results showed
that our HHR cleaved HTR2C mRNA
not only at the E site but also at the C
site in an editing-dependent manner.
In physiological conditions, HTR2C

pre-mRNA is edited not only at the E
and C sites but also at three other sites
(A, B, and D sites) in the proximal region
(Fig. 8A). As shown in Figure 8A, the
direct-sequencingmethod has the advan-
tage of being able to simultaneously ana-
lyze the editing ratios at multiple sites.
Additionally, cDNA generated from un-
edited HTR2C mRNA at both the E and
C sites were preferentially removed from
the total HTR2C mRNA species by the
HR-F39 cleavage reaction for 30 min in
which cleavage reaction seems to be satu-
rated. Using the direct-sequencing meth-
od combined with HR-F39 cleavage, we

were able to analyze the editing ratio at the A, B, and D sites
onHTR2CmRNA that has been edited at the E and/or C sites.
Therefore, the effect of the editing state at the E and/or C site
to editing at the other three sites would be assessed as a change
in the editing ratio alongwith the cleavage reaction. For exam-
ple, if editing at the E and/or C sites strongly suppresses edit-
ing at another site, the editing ratios at that site will be
decreased by HR-F39 cleavage. As a result, although changes
in the editing ratios at the E and C sites were observed in the
sample with a 30-min cleavage reaction, the A, B, and D sites
showed an almost constant ratio regardless of the reaction
(Fig. 8B). These results suggest that editing at the E and C sites
does not correlate to editing at the other sites.

DISCUSSION

A-to-I RNA editing regulates several biological processes
(Nishikura 2010), such as signal transduction of neurological
receptors, including GRIA2 and HTR2C. We previously
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developed a strategy for HHR cleavage of target RNA when a
specific site is subjected to A-to-I RNA editing (Fukuda et al.
2012). In this report, we next developed an HHR with an in-
verse sequence specificity, i.e., one that cleaves substrate RNA
only at unedited target sites. However, we were unable to con-
struct the desiredHHRwith the previousmethod of HHRde-
sign inwhich editing-specific cleavage depended onwhether a
recognition base on theHHRbase-paired to the target-editing
site on the substrate, because there is no natural nucleotide
that base-pairs with adenosine instead of inosine. Because
we were unable to use an editing recognition strategy utilizing
base-pair formation, we instead designed HHRs using the
intrinsic cleavage specificity of HHR, called NHH specificity.
As expected, minHR-HTR2C-Eedit specifically cleaved an
HTR2C RNA fragment with an unedited E site (Fig. 1B),
but both the kcat and the F∞ of minHR-HTR2C-Eedit were
low. Since the preferred substrate of wild-type HHR is the
NUH triplet (Ruffner et al. 1990; Perriman et al. 1992; Kore

et al. 1998), it was reasonable that the designed minHHR
had a low level of activity against the UAA substrate.
Therefore, we expected that the addition of a TSM would in-
crease the cleavage activity of minHHR against UAA as well as
improve its basic cleavage activity. The in vitro selection suc-
cessfully yielded three exHHRswith significantly higher activ-
ity against the UAA substrate than HR-HTR2C-Eedit (Fig. 3).
As expected, the selected ribozymes specifically cleaved uned-
ited RNA in a manner similar to HR-HTR2C-Eedit. Indeed,
deletion of loop I significantly decreased the cleavage activity
of HR-F39 to levels as low as that of minHHR-HTR2C-edit
(Supplemental Fig. S1). Therefore, we concluded that loop I
improves the cleavage activity due to the formation of the
TSM with loop II.
Sequencing analysis of selected HHRs revealed that the

length of stem II was 4 bp in F39 and F43 but 3 bp in F48.
The catalytic rate of F48 was lower than F39 and F43, indicat-
ing that cleavage activity is affected not only by the combina-
tion of the loop sequence but also by the length of stem II. In
our HHR library design, in which the length of stem Ia was
fixed at 6 bp, the length of stem II suitable for forming a sta-
ble TSM might be 4 bp. At the nucleotide position paired
with the editing site, U was selected in all RNAs, indicating
that U optimally forms a Watson-Crick base pair at this po-
sition even if the substrate RNA sequence is UAA. Unfortu-
nately, the number of selected RNAs in this experiment
was too small to make a generalization about the optimal se-
quence combination between loops I and II.
In addition to the first H of NHH, the second H posi-

tion has also been utilized for mutation-specific cleavage
(Parthasarathy et al. 1999). Although A-to-I editing recogni-
tion was lower whenHHRs were designed using the second H
position, they had the advantage of allowing either editing-
dependent or independent cleavage by adjusting the reaction
time.
We demonstrated that our strategy of HHR framework se-

lection could be applied not only toHTR2C but also to other
RNAs, such as NEIL1 RNA, for unedited-specific cleavage.
However, the cleavage rate against unedited RNAwas affected
by the sequence surrounding the editing site. This indicated
that the TSM of HR-F39 had some target-sequence depend-
ency. This sequence dependency might have resulted from
optimizing the HR-F39 framework to the HTR2C sequence.
Cleavage activity was also Mg2+-concentration dependent, as
cleavage activity of HR-F39 was inhibited by low Mg2+ con-
centration. These results indicated that the HR-F39 frame-
work was not suitable for intercellular application without
any further modification. However, it has been reported
that TSM effectively overcame Mg2+ restriction of HHR.
Therefore, our method might be used to construct an opti-
mal HHR with both an editing-recognition property and ac-
tivity at low Mg2+ concentrations by changing the selection
conditions appropriately.
We demonstrated that editing-specific cleavage of the

HHR is applicable to not only short HTR2C RNA fragments
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but also mRNA extracted from mouse brain. First, we estab-
lished an analytical method for quantifying unedited-specific
cleavage using direct sequencing. The editing ratios calculat-
ed from the analytical PAGE were highly correlated with
those calculated from direct sequencing (Pearson R value =
1.00). We assessed the efficiency of unedited-specific cleavage
by qPCR and by quantifying the change in the editing ratio at
E and C sites (Fig. 5A). Our results indicated that the satura-
tion value and cleavage rate were similar to those obtained in
the reaction against theHTR2C RNA fragment. In the case of
minHHR, the in vitro trans-cleavage constant against the
long substrate was >100-fold lower than that against the short
substrate (Campbell et al. 1997; Hormes and Sczakiel 2002;
Fukuda et al. 2012). The reason for this decrease in cleavage
activity may be an inability to form the proper active confor-
mation through base-paired, nonspecific interactions with ri-
bozyme nucleotides. In exHHR, it is thought that the TSM
would mitigate the negative effects of a long substrate
through stabilizing the active structure with an intermolecu-
lar interaction.

Since the five editing sites on HTR2C are close together, it
has been proposed that editing at one site would correlate
with further editing at other sites (Du et al. 2006; Enstero
et al. 2009; Carmel et al. 2012). This has been supported by
sequence analysis of the editing pattern of each HTR2C
mRNA clone using canonical cloning methods or high-
throughput sequencing methods. Alternatively, HHR’s edit-
ing-dependent target-cleavage activity could be utilized as a
method for analyzing such interdependencies among editing
states. The HR-F39 cleavage reaction specifically reduces mo-
lecular species in which both the E and C sites are unedited in
the totalHTR2CmRNA. In our study, editing ratios at the A,
B, and D sites were not altered, regardless of the reaction with
HR-F39. This suggests that editing at the A, B, and D sites are
independent or weakly correlated with the editing state at the
C and E sites. Alternatively, this could suggest that the order
of editing events occurs as follows: The A, B, and D sites are
edited more rapidly than the C and E sites.

The C site in HTR2C pre-mRNA is thought to be subject
to 2′-O-methylation by a small nucleolar RNA (snoRNA),
MBII-52, which guides methyltransferase to the C site using
a HTR2C-complementary sequence (Nahkuri et al. 2008;
Kishore et al. 2010). Since the C site corresponds to the cleav-
age site in our HHR design (Fig. 2A), HR-F39 cannot cleave
HTR2C RNA when the C site is 2′-O-methylated. Hence, in
addition to theHTR2CmRNA edited at the E site, 2′-O-meth-
ylated HTR2C mRNA, if present, would be located in the
uncleaved fraction after the cleavage reaction. Accordingly,
another potential use of HR-F39 may be in evaluating the re-
lationship between 2′-O-methylation and each editing state
based on the editing pattern of HTR2C mRNA in the
uncleaved fraction. These analyses are currently underway.

In conclusion, we have developed a method for designing
HHR with unedited-specific target RNA cleavage. In order to
improve the efficiency of unedited target cleavage, exHHRs

with a TSM were generated from the partially randomized
HHR library by in vitro selection. The resulting exHHRs
had higher cleavage activities than minHHR without com-
promising editing recognition. Our ribozyme can be used
for the selective cleavage of not only synthetic RNA fragments
but also HTR2C mRNA extracted from mouse brain.
Additionally, we reported a useful method using unedited-
specific cleavage and direct-sequencing methods for analyz-
ing the dependencies among the editing states at each editing
site without requiring a large amount of sequencing analysis.

MATERIALS AND METHODS

General

Reagents and solvents were purchased from standard suppliers and
used without further purification. DNA oligonucleotides were pur-
chased from Genenet Co., Ltd. Substrate RNAs with inosine and
biotin modifications were purchased from Hokkaido System
Science Co., Ltd. The sequences of all purchased DNA oligonucleo-
tides and synthetic RNAs are listed in Supplemental Table S1.

Preparation of ribozymes and substrate RNAs

All ribozymes were synthesized using an in vitro transcription meth-
od (AmpliScribe T7 Kit, Epicentre Biotechnologies) using the spe-
cific double-stranded DNA template generated from synthetic
oligonucleotides (Supplemental Table S1). Generally, for generating
the DNA template, 1 μM forward DNA oligonucleotide containing
the T7 promoter sequence and 1 μM reverse DNA oligonucleotide
were mixed in the annealing buffer (50 mM Tris-HCl [pH 7.6]
and 50 mM NaCl). The annealing reaction was performed by dena-
turing the mixture for 3 min at 95°C followed by cooling to room
temperature for 15 min, and then the annealing product was elon-
gated using Klenow polymerase (New England Biolabs). In the case
of ribozymes selected by in vitro selection, DNA templates were gen-
erated from the cloned plasmid DNA containing individual ribo-
zyme sequences by PCR with primers containing the T7 promoter
sequence (HRpLib-F primer). The in vitro transcription reaction
was performed using template DNA according to the manufactur-
er’s protocol followed by purification using 8 M Urea containing
8% polyacrylamide gel. The transcribed ribozyme was obtained
from the corresponding band using the crush-and-soak method
in TE buffer (10 mM Tris-HCl [pH 7.5] and 1 mM ethylenedi-
aminetetraacetic acid [EDTA]). After phenol/chloroform extraction
and ethanol precipitation, purified ribozymes were dissolved in TE
buffer and quantified by measuring absorbance at 260 nm with each
molecular coefficient calculated using OligoAnalyzer 3.1 (Integrated
DNA Technologies, Inc.). The substrate RNA for HTR2C-wt was
synthesized using the oligonucleotide T7pro-F and HTR2C-wt-R
according to the same procedure used for ribozyme preparation.
HR-NEIL1 was transcribed using a dsDNA template generated by
annealing with the oligonucleotides HR-NEIL1-temp and T7pro-F
and purified as described for HR-F39. HTR2C-L-wt DNA for in vi-
tro transcription was generated by PCR using the primers HTR2C-
L-T7F and HTR2C-L-R and the template plasmid pTK-HTR2C,
which was constructed by inserting a 288-bp mouse genomic frag-
ment that includes the 3′ 178 bp of exon 5 and the 5′ 110 bp of
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intron 5 ofHTR2C. ForHTR2C-L-Egua DNA, the template plasmid
was pTK-HTR2C-Egua in which adenosine at the E site of pTK-
HTR2C was substituted by a site-directed mutagenesis method.
After the transcription reaction, the resultant 198-nt HTR2C-L-wt
RNA and HTR2C-L-Egua RNA were purified using 5% polyacryl-
amide gel containing 8 M urea. Other substrate RNAs with site-
specific modifications were purchased from Hokkaido System
Science Co., Ltd.; these sequences are summarized in Supplemental
Table S1.

Cleavage assay and kinetic analysis

Cleavage assays were performed using 5′-end-labeled substrate
RNAs under single-turnover conditions. Substrate RNAs were 5′-
end-labeled with [γ-32P] ATP (GE Healthcare) using T4 polynucle-
otide kinase (New England Biolabs). After the labeling reaction, ra-
dioactive substrate RNAs were purified using denaturing PAGE
according to the crush-and-soak method. In order to analyze the
cleavage kinetics of ribozyme under single-turnover conditions, ex-
cess amounts of ribozyme (1 µM) and substrate (<0.1 µM) were first
mixed in cleavage buffer (20 mMTris-HCl [pH 7.6], 100 mMNaCl,
and 20 mMMgCl2) without MgCl2, and then the annealing reaction
was performed by heating for 3 min at 80°C and slowly cooling to
25°C at a rate of 1°C/10 sec, followed by incubation for 5 min at
this temperature. After taking a zero-time fraction, the cleavage re-
action was started by the addition of 20 mMMgCl2 at 37°C. To an-
alyze the Mg2+ dependency of HR-F39, MgCl2 concentrations were
adjusted to 10, 5, 2, and 1 mM. Aliquots were sampled at different
time points, and the reaction was quenched by adding the same vol-
ume of stop solution (10 mM EDTA and 80% formamide) on ice.
The uncleaved substrate and cleavage products were separated by
PAGE on 15% denaturing gels, and the radioactive intensity of
each band was quantified using a Bio-Imaging Analyzer FLA-7000
(Fujifilm). For HTR2C-L-wt and HTR2C-L-Egua, 5% denaturing
gels were used. Each cleavage assay was carried out at least twice
to ensure reproducibility. The fraction of cleavage product, Ft, at dif-
ferent time points was determined using the corresponding scan
data. Pseudo-first-order cleavage rate constants, kcat, were calculated
using a nonlinear regression analysis with Igor Pro software
(WaveMetrics, Inc.). Data were fit to the single-exponential equa-
tion, Ft = F0 + F1 (1− e−kt), where F0 and F1 are the product frac-
tions at time zero and at the reaction end point, respectively, and
k is the first-order cleavage rate constant (kcat).

Preparation of the partially randomized HHR library
and in vitro selection

The partially randomized HHR library was synthesized and purified
using the same method as for preparation of ribozymes and sub-
strate RNAs. First, the template DNA for in vitro transcription
was generated using HRpLib-F and HRpLib-R including random-
ized nucleotides by annealing and elongation reactions. The RNA li-
brary was transcribed using 1 nmol of the resulting dsDNA template
in a 400-μL reaction volume according to the manufacturer’s proto-
col. After 3 h of transcription, the RNA library was purified by dena-
turing PAGE and quantified using the calculated molecular
coefficient in which the average coefficient was used for the random-
ized region. In vitro selection was performed according to a previ-
ously reported method for obtaining trans-HHR with slight

modifications (Persson et al. 2002). In the first round, 10 μM5′-bio-
tinylated substrate RNA (bio-HTR2C RNA) and 15 μMRNA library
were mixed with 100 μL cleavage buffer (20 mM Tris-HCl [pH 7.6],
100 mM NaCl, and 20 mM MgCl2) without MgCl2, annealed by
heating for 3 min at 80°C, and slowly cooled to 25°C at a rate of
1°C/10 sec. After the second round of selection, the concentration
of the RNA library and bio-HTR2C RNA in the annealing reaction
were reduced to one-tenth (1 μM bio-HTR2C RNA and 1.5 μM
RNA library). The reaction solution was added to 1.2 mg of
Dynabeads M-280 Streptavidin (Life Technologies Corporation)
in order to immobilize the complex of bio-HTR2C RNA and
RNA library onto the beads. After a 15-min incubation for binding,
the beads were washed three times with 400 μL washing buffer to re-
move free ribozyme. Afterward, the on-bead cleavage reaction was
initiated by adding 400 μL cleavage buffer, and the cleavage reaction
was performed by incubation for 30 min at 37°C. After the cleavage
reaction, the supernatant containing ribozyme candidates was col-
lected and purified by ethanol precipitation. All collected ribozymes
were subjected to reverse transcription using the HRpLib-RT primer
to generate cDNA of the selected ribozymes. After optimizing the
PCR for specific amplification, cDNA was amplified by PCR using
the HRpLib-F and HRpLib-RT primers. The PCR product, which
was purified by phenol/chloroform extraction, ethanol precipita-
tion, and gel-filtration, was used for the next round as the dsDNA
template. After five rounds of selection, the recognition sequences
of the restriction enzymes EcoRI and BamHI were added at both
ends by PCR with HRseq-F-EcoRI and HRseq-R-BamHI and
were then cloned into the pUC19 vector for sequence analysis of
each selected ribozyme. Twenty-four extracted plasmids from
each colony were subject to the sequencing reaction using the
M13 universal primer (TaKaRa) and the BigDye Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems). Sequence analysis was
performed using a 3130 Genetic Analyzer (Applied Biosystems).

Quantification of editing ratio by
the direct-sequencing method

Sample RNA containing a mix of edited and unedited RNAwas pre-
pared by mixing HTR2C-L-Eade and HTR2C-L-Egua at a molar ra-
tio of 5 to 1. HR-F39 (1 µM) and sample RNA (2 nM) were first
mixed with annealing buffer (20 mM Tris-HCl [pH 7.6] and
100 mM NaCl), and then the annealing reaction was performed
as described for the cleavage assay. After the cleavage reaction was
initiated by the addition of 20 mMMgCl2, 10 μL of the reaction so-
lutions were sampled at different time points, and the reaction was
quenched by ethanol precipitation. To generate HTR2C-L cDNA,
the precipitated RNA was subjected to reverse transcription using
the HTR2C-L-R primer with the Transcriptor High Fidelity cDNA
Synthesis Kit (Roche) according to the manufacturer’s protocol.
Using HTR2C-L-T7F and HTR2C-L-R primers, each cDNA was
amplified by PCR. Approximately 10 ng PCR product was reacted
with the HTR2C-L-R reverse primer and the BigDye Terminator
Cycle Sequencing Kit (Applied Biosystems) according to the manu-
facturer’s protocol and then analyzed using a 3130 Genetic Analyzer
(Applied Biosystems) to generate sequence chromatograms around
the E site. The heights of the T and C peaks at the editing site were
measured using Sequence Scanner ver. 1.0 software (Applied
Biosystems). Each editing ratio was calculated as follows: (peak
height of C)/(peak height of C + peak height of A).
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Preparation of HTR2C mRNA extracted
from the mouse brain

A 4-wk-old male mouse of C57BL/6J strain was decapitated and its
whole brain was removed. This brain specimen was thoroughly ho-
mogenized with 5.0 mL of Sepasol RNA I super reagent (Nacalai
Tesque) using a polytron-type homogenizer. The RNA fraction in
the lysate was extracted by the addition of a 0.2 volume of chloro-
form and precipitated by the addition of an equal volume of 2-prop-
anol. RNA was collected by centrifugation, followed by rinsing with
70% ethanol, and air-dried. The resulting pellet of RNA was sus-
pended in 500 µL diethyl pyrocarbonate (DEPC)-treated water
and its concentration was estimated by UV absorbance.

Analysis of unedited-specific cleavage of extracted
HTR2C mRNA

The cleavage efficiency of the ribozyme forHTR2CmRNA extracted
from the mouse brain was analyzed by qPCR and by quantifying the
change in the editing ratio according to the followingmethod. Three
hundred nanograms of extracted total RNA was annealed in the
presence of excess HR-F39 (final concentration, 10 µM) in an an-
nealing buffer (50 mM Tris-HCl [pH 7.6], 150 mM NaCl) by heat-
ing for 3 min at 80°C and then cooling on ice. The control samples
were generated by the same annealing reaction without ribozyme.
The cleavage reaction was initiated by the addition of 20 mM
MgCl2 to the annealing sample with RNase inhibitor (NEB), and
then incubated for 0.5, 1, 3, and 6 h at 37°C. After the cleavage re-
action, each reaction sample was purified by ethanol precipitation.
To generate HTR2C cDNA, all the purified RNA was subjected to
reverse transcription using the random hexamer primer (dN6 prim-
er) with the Transcriptor High Fidelity cDNA Synthesis Kit (Roche)
according to the manufacturer’s protocol. In order to quantify the
cleavage efficiency, qPCR was performed using the HTR2C-QS1
and HTR2C-QA4 primers for specific amplification of exon inclu-
sion with Power SYBR(R) Green PCR Master Mix (Applied
Biosystems). Simultaneously, glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) was also quantified using the GAPDH-QF and
GAPDH-QR primers as an internal standard for quantifying the
amount of total RNA. qPCR reaction solutions were comprised of
10 μL Power SYBR Green PCR Master Mix, 100 nM sense and an-
tisense primers, and 5 μL cDNA sample containing the target tem-
plate in a final volume of 20 μL. qPCR reactions were performed
under the following conditions: preheating for denaturation for 10
min at 95°C, and 55 cycles of amplification with 15 sec at 95°C
and 1min at 60°C by the LightCycler Nano system (Roche). The rel-
ative quantitation method was used to compare differences between
samples generated at each cleavage reaction time. Using the analysis
software (LightCycler Nano software; Roche), the crossing threshold
(Ct) values were analyzed from the fluorescent amplification plot by
the second derivative maximummethod. The difference in crossing
thresholds (ΔCt) was calculated for each sample by ΔCt = Ct
(HTR2C)−Ct (GAPDH). The magnitude of the differences be-
tween each reaction time point was calculated as follows: ΔΔCt =
ΔCt [HTR2C initial (without ribozyme)− ΔCt (HTR2C with cleav-
age reaction)]; the relative amount of HTR2CmRNA was estimated
by R = 2−ΔΔCt.

The efficiency of unedited-specific cleavage was analyzed as a
change in the editing ratio at the corresponding site due to ribozyme

cleavage. The editing ratio of each editing site was quantified using a
direct-sequencing method (Nurpeisov et al. 2003; Eggington et al.
2011). After the above reverse transcription reaction, DNA frag-
ments for sequencing were amplified by PCR using HTR2C-e4S
and HTR2C-ex65A2 primer and then gel-purified. To generate se-
quence chromatograms around the editing sites, sequencing was
performed using purified PCR product and HTR2C-seq65A reverse
primer as described above.
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