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The Hepatitis Delta Virus (HDV) ribozyme, which is well adapted to the environment of the human cell, is an
excellent candidate for the future development of gene-inactivation systems. On top of this, a new generation of
HDV ribozymes now exists that benefits from the addition of a specific on/off adaptor (specifically the SOFA-
HDV ribozymes) which greatly increases both the ribozyme’s specificity and its cleavage activity. Unlike RNAi
and hammerhead ribozymes, the designing of SOFA-HDV ribozymes to cleave, in trans, given RNA species has
never been the object of a systematic optimization study, even with their recent use for the gene knockdown of
various targets. This report aims at both improving and clarifying the design process of SOFA-HDV ribozymes.
Both the ribozyme and the targeted RNA substrate were analyzed in order to provide new criteria that are useful
in the selection of the most potent SOFA-HDV ribozymes. The crucial features present in both the ribozyme’s
biosensor and blocker, as well as at the target site, were identified and characterized. Simple rules were derived
and tested using hepatitis C virus NS5B RNA as a model target. Overall, this method should promote the use of
the SOFA-HDV ribozymes in a plethora of applications in both functional genomics and gene therapy.

Introduction

Nucleic acid-based gene inactivation systems present a
promising avenue for new drug development. To date,

most of the efforts in this domain involve technologies that
are based on RNA interference mechanism, even though
these mechanisms have been demonstrated to both exhibit
off-target effects and to trigger immunological responses
(Haasnoot et al., 2007; Robbins et al., 2008; Tamura and
Nagasaki, 2010). An alternative to this approach is to use
nucleic acid molecules, such as either ribozymes (RNA en-
zyme, Rz) or DNAzymes (DNA enzyme, Dz) (D’Anjou et al.,
2004; Peracchi, 2004; Schubert and Kurreck, 2004), that pos-
sess their own catalytic activities. Several small self-cleaving
RNA motifs (ex. the hammerhead ribozymes) have been
transformed into trans-acting systems in which 1 molecule,
the ribozyme, possesses the ability to recognize and, subse-
quently, cleave a second molecule, the substrate (Bergeron
and Perreault, 2002; D’Anjou et al., 2004; Muller-Kuller et al.,
2009; Tedeschi et al., 2009). Among these catalytic RNAs, the
Hepatitis Delta Virus ribozyme (HDV Rz) has, for a long time,
been the unique example of a ribozyme derived from an RNA
species that is naturally found in human cells (ie, infected
hepatocytes) (Asif-Ullah et al., 2007). Consequently, the HDV
ribozyme possesses several properties desirable for a gene

inactivation tool, including both its natural ability to function
in the presence of human proteins and at the physiological
magnesium concentration (1 mM Mg2 + ). Thus, the HDV ri-
bozyme appears to be well adapted to the human cell envi-
ronment, as is demonstrated by its outstanding stability in
cellulo (Levesque et al., 2002). However, its use in gene-
knockdown systems has been relatively neglected due to a
lack of substrate specificity. The original HDV ribozyme folds
into a double-pseudoknot secondary structure in which the
substrate recognition is limited to the formation of a 7-base
pair (bp) helix (ie, the stem I) called the recognition domain
(Fig. 1). To overcome this hurdle, molecular engineering was
used to develop a target-dependent activation module named
the specific on/off adapter (SOFA) (Bergeron et al., 2005;
Bergeron and Perreault, 2005). The SOFA module has the
ability to switch the ribozyme from an inactive (off state) to an
active conformation (on state) solely in the presence of the
appropriate substrate (Fig. 1). More specifically, the SOFA
module includes a blocker (Bl) that maintains the ribozyme in
an inactive conformation through the formation of a short
helix with the recognition domain. This interaction competes
with the binding of any substrate that could be potentially
bound by the recognition domain. The SOFA module also
includes a biosensor (Bs) that extends the base pairing with
the target. The formation of a duplex between the biosensor
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and the target RNA concomitantly causes the disruption of
the blocker-recognition domain duplex, thereby causing the
switch to the active conformation. Essentially, the blocker acts
as a safety lock for the ribozyme in which the key to opening it
is the recognition of the target RNA by the biosensor. Finally,
the SOFA module also includes a stabilizer that consists of an
additional stem which brings both ribozyme’s 5¢- and 3¢-
strand ends together in order to mimic the stem II of the HDV
ribozyme, a feature which has been demonstrated to be a key
reason for its outstanding stability (Levesque et al., 2002).
Importantly, the presence of the stabilizer does not affect the
cleavage activity of the SOFA-HDV Rz.

The arrangement of the SOFA module greatly increases
both the ribozyme’s specificity and its cleavage activity in
terms of its potential applications in the fields of both gene
therapy and functional genomics (Bergeron et al., 2005; Ber-
geron and Perreault, 2005). Several examples of the develop-
ment of gene inactivation systems in both prokaryotic and

eukaryotic cells have been reported (Fiola et al., 2006; Ro-
bichaud et al., 2008; Levesque et al., 2010; D’Anjou et al., 2011;
Laine et al., 2011; Levesque and Perreault, 2011, in press). In
the course of these studies, more than 100 distinct SOFA-HDV
ribozymes were designed and tested in vitro to identify the
best ones with which to target various RNA substrates. The
lesson learned from these efforts was that the ribozymes ex-
hibited cleavage activities that ranged from 0% to almost 100%,
thus suggesting that the design process was flawed in some
way. That said, these SOFA-HDV ribozymes formed a rela-
tively large library of catalytic RNAs for which the cleavage
activity data were known. Analysis of the cleavage activity as a
function of the nucleotide composition led to the formulation of
hypotheses identifying the determinants that are important for
the development of efficient ribozymes. Here, several of these
hypotheses are verified to establish new criteria for improving
the SOFA-HDV ribozyme design process. These experiments
support the importance of a critical selection of the ribozymes
before any in vitro testing. Moreover, this work led to the elu-
cidation of important features present in both the biosensor and
blocker domains, as well as in the target site, that could be
detrimental to cleavage activity.

Materials and Methods

SOFA-HDV ribozyme and substrate construction

The DNA templates of both the SOFA-HDV ribozymes and
their substrates were generated by a polymerase chain reaction
(PCR)-based strategy using different pairs of complementary
oligonucleotides as previously described (Levesque et al.,
2010; Levesque and Perreault, 2011, in press). Briefly, 2 DNA
oligonucleotides were used for the production of the SOFA-
HDV ribozymes: the universal reverse primer (5¢-CCAGC
TAGAAAGGGTCCCTTAGCCATCCGCGAACGGATGCC
C-3¢) and the SOFA-HDV RzX (where X identifies the specific
ribozyme) sense primer [5¢-TAATACGACTCACTATAGGG
CCAGCTAGTTT(N)10Bs(N)4BlCAGGGTCCACCTCCTCGCG
GT(N)6RDTGGGCATCCGTTCGCGG-3¢, where N represents
A, C, G, or T and Bs, Bl, and RD indicate the biosensor, the
blocker sequence, and the recognition domain, respectively].
The SOFA-HDV RzX sense primer is specific for each ribo-
zyme, and it enables the incorporation of the T7 RNA poly-
merase promoter, whereas the universal reverse primer was
used with all ribozymes. The 5¢ to 3¢ elongation of the DNA
sequence that produced a double-stranded DNA template was
performed using Pwo DNA polymerase (Roche Diagnostics).
Similarly, the substrate DNA template was produced by a
combination of 2 complementary oligonucleotides, 1 of which
contained the T7 RNA polymerase promoter at its 5¢-end.
All PCR reactions were ethanol precipitated before in vitro
transcription.

RNA synthesis

Both the SOFA-HDV ribozymes and their corresponding
substrates were synthesized by run-off transcriptions as pre-
viously described (Levesque et al., 2010). Specifically, tran-
scriptions were performed in the presence of purified T7 RNA
polymerase (10mg), pyrophosphatase (0.01 U, Roche Diag-
nostics), and PCR product (2–5mM) in a buffer containing
80 mM HEPES-KOH (pH 7.5), 24 mM MgCl2, 2 mM spermi-
dine, 40 mM dithiothreitol, and 5 mM of each ribonucleotide

FIG. 1. Secondary structure representations of the specific
on/off adaptor-hepatitis delta virus ribozyme (SOFA-HDV
Rz) in both the off (left) and on (right) conformations. The HDV
ribozyme is highlighted in gray in both structures, whereas the
cognate substrate is drawn only for the on conformation, as it
is the modulator of the conformational switch. The 3 key
variable features of the ribozyme, the recognition domain, the
biosensor, and the blocker, are identified by RD (black on
gray), Bs (white on black), and Bl (black on white), respectively.
The stabilizer and the spacer (the short sequence in the target
that is located between the recognition domain and the bio-
sensor binding site) are also indicated. The roman numerals I,
I.I, II, III, and IV identify the corresponding stems or stem
loops in the HDV ribozyme, whereas the arabic numbers in-
dicate the positions of each nucleotide in the Bs and the RD.
The variable nucleotides (ie, those that can be A, C, G, or U) of
the ribozyme are indicated by the boxed letter N. All invariable
nucleotides are unboxed and are constant from 1 ribozyme to
the other, regardless of the target sequence. The short arrow
indicates the cleavage site.
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triphosphates (rNTP) in a final volume of 100mL at 37�C for 2
hours. After completion, the reaction mixtures were treated
with RQ1 DNase (Promega) at 37�C for 20 minutes. The RNAs
were then purified by phenol/chloroform extraction and
ethanol precipitation. The resulting pellets were dissolved in
equal volumes of ultrapure water and loading buffer [95%
formamide, 10 mM ethylenediaminetetraacetic acid (EDTA)
(pH 8.0), 0.025% xylene cyanol, and 0.025% bromophenol
blue]. The samples were then fractionated through either 8%
or 20% denaturing polyacrylamide gels (PAGE, 19:1 ratio of
acrylamide to bisacrylamide) in a buffer containing 45 mM
Tris-borate (pH 7.5), 8 M urea, and 2 mM EDTA. The RNA
products were visualized by ultraviolet shadowing. The
bands corresponding to the correct sizes for both the SOFA-
HDV ribozymes and their corresponding substrates were cut
out of the gel, and the transcripts were then eluted overnight
at 4�C in elution buffer (500 mM ammonium acetate, 10 mM
EDTA, and 0.1% sodium dodecyl sulfate). The eluted tran-
scripts were then ethanol precipitated, washed, dried, and
dissolved in ultrapure water. The RNA was quantified by ab-
sorbance at 260 nm. For the self-cleavage experiments, 1mL of
[a-32P]UTP (3,000 Ci/mmol; New England Nuclear) was ad-
ded to each in vitro transcription reaction. The transcripts were
purified (phenol/chloroform extraction and ethanol precipi-
tation) as just described, and samples corresponding to 1% of
each reaction were fractionated through 10% denaturing PAGE
and then exposed to a Phosphor Screen to visualize the results
(Molecular Dynamics).

RNA substrate labeling

The RNA substrates used in the different cleavage reactions
were 5¢-end labeled as previously described (Levesque et al.,
2010). Briefly, the purified transcripts were dephosphorylated
by mixing 50 pmol of RNA with 1 U of Antarctic phosphatase
(New England Biolabs) in a final volume of 10mL containing the
buffer provided with the enzyme, and they were then incubated
for 30 minutes at 37�C. The enzyme was then inactivated by
incubation at 65�C for 8 minutes. The dephosphorylated RNAs
(5 pmol) were then 5¢-end labeled by incubation for 1 hour at
37�C with 3 U of T4 polynucleotide kinase (USB Corp.) and
3.2 pmol of [g-32P]ATP (6,000 Ci/mmol; New England Nuclear)
in the reaction buffer provided with the enzyme. The reactions
were stopped by the addition of 2 volumes of loading buffer.
The 5¢-end-labeled RNA substrates were fractionated by 20%
denaturing PAGE. The RNAs were detected by autoradiogra-
phy, cut out of the gel, and eluted as just described.

In vitro cleavage assays

The in vitro cleavage assays were performed under single
turnover conditions in which a trace amount of 5¢-end-labeled
substrate (< 1 nM) was incubated at 37�C with a final con-
centration of 100 nM of SOFA-HDV ribozyme. The reactions
were performed in a total volume of 30 mL. For each experi-
mental condition, 3 mL of the proper 5¢-end-labeled substrate
at a concentration less than 10 nM, 3 mL of 1mM SOFA-HDV
ribozyme, 3 mL of cleavage reaction buffer (500 mM Tris-HCl,
pH 7.5), and 18 mL of RNAse-free water were mixed and
preincubated at 37�C for 25 minutes. The cleavage reactions
were initiated by the addition of 3 mL of 100 mM MgCl2. At
different time intervals, 2mL aliquots were transferred in a
new tube containing 10mL of loading buffer to stop the reac-

tion. All aliquots were then fractionated on a 20% denaturing
PAGE under the conditions just described. The results were
visualized using a Phosphor Screen and were quantified using
the ImageQuant software (Molecular Dynamics). A control
reaction in which the ribozyme’s RNA was replaced by water
was performed for each RNA substrate used, and a sample at
the last time interval was kept for background subtraction.
The cleavage percentage was calculated (cleaved product
counts over cleaved plus uncleaved products counts) for each
time point, and the kobs was calculated using GraphPad Prism
5. Briefly, the rate of cleavage (kobs) was obtained by fitting the
data to the equation At = AN (1 - e - kt), where At is the per-
centage of cleavage a time t, AN is the maximum percent
cleavage, and k is the rate constant (kobs).

Bioinformatics analysis

To estimate the potential interaction between the biosen-
sor and the stem-loop III, the software RNAhybrid (http://
bibiserv.techfak.uni-bielefeld.de/rnahybrid/) was used. The
RNAhybrid is a tool for finding the minimum free energy of
hybridization (MFE) of 2 RNAs, and it is primarily used for
miRNA target prediction. Briefly, the sequence corresponding
to the stem-loop III (5¢-ACCUCCUCGCGGU-3¢) was consid-
ered the target input, whereas the sequences corresponding to
the linker (ie, the sequence between the biosensor and the
stabilizer stem), the biosensor, the blocker, and the CA nu-
cleotides of junction I/II (5¢-UUUNBs10NBl4CA-3¢) of each ri-
bozyme were taken as the microRNA input in the software.
The MFE was used to approximate the stability of the po-
tential interaction in each case, and the proposed duplex
served as a template for the drawing of the potential ribo-
zyme’s secondary structure presented in Fig. 2. All other se-
quence analyses were performed using Microsoft Excel and
simple logic functions. The sorting of all of the potential
cleavage sites within that hepatitis C virus (HCV) NS5B gene
(1,773 nucleotides, AJ242654) was performed manually,
looking for H-1G + 1 sites. Each potential site was named for the
position number of the corresponding G + 1. The extracted se-
quences started 4 nucleotides upstream of each cleavage site
(G + 1), and they finished 22 nucleotides downstream to include
all the important components for a target site of the SOFA-
HDV ribozyme. The corresponding biosensor, blocker, and
recognition domain were designed for each potential site. For
the comparison of our 2 groups of ribozymes targeting NS5B,
the unpaired t test was performed using GraphPad Prism 5.0.

Results

Previous experiments with the HDV ribozyme demon-
strated the existence of a strong relationship between its
structure and its cleavage activity (Reymond et al., 2009).
Consequently, the same logic will be used here to refine the
design process for the identification of the SOFA-HDV ribo-
zymes possessing the greatest potential for targeting a given
RNA substrate. Initially, a set of 3 SOFA-HDV Rzs was se-
lected with which to test the various hypotheses and to ensure
that the conclusions drawn can be applied to other Rzs. The
Rzs in question (ie, SOFA-HDV-Rz-Rev1, SOFA-HDV-Rz-
NS527, and SOFA-HDV-Rz-HBV513) are directed against the
human immunodeficiency virus, the influenza A, virus and
the hepatitis B virus (HBV), respectively. The target sequence
of each ribozyme is presented in Table 1.
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Interaction of the biosensor with the catalytic core

The HDV ribozyme structure contains single-stranded re-
gions that should fold precisely for efficient catalysis of the
cleavage reaction to occur, and that can be used to negatively
modulate the ribozyme (Reymond et al., 2009). Specifically,
both the loop III and the junction IV/II regions are relatively
long stretches of unpaired bases (ie, 7 and 5 nucleotides,
respectively). It was hypothesized that these regions may in-
teract with the biosensor sequence that is also single stranded
in the absence of the substrate. This would impair substrate
binding, and, consequently, reduce any potential cleavage by
the ribozyme. This hypothesis received indirect support from
analysis of the SOFA-HDV ribozyme library which revealed
that a few SOFA-HDV ribozymes exhibited a low cleavage
activity when significant complementary existed between
stem-loop III and the biosensor. To verify this hypothesis,
different biosensors that could potentially base pair with the
stem-loop III were designed for each of the 3 models of SOFA-
HDV Rzs, and their cleavage activities were then assessed for
each under single turnover conditions ([Rz] > > [S]). Briefly, a
trace amount of 5¢-end 32P-labeled substrate ( < 1 nM) was

incubated in the presence of 100 nM SOFA-HDV ribozyme in
a buffer containing 10 mM MgCl2 for 25 minutes at 37�C. The
reactions were stopped by the addition of loading buffer, and
were then fractionated on PAGE. A typical autoradiogram is
shown in Fig. 2 for SOFA-HDV-Rz-Rev1. As expected, the
ribozyme with its original biosensor is highly active, with
more than 80% cleavage being achieved within 5 minutes.
Replacement of the biosensor by a sequence that is predicted
to form 10 bp with the stem-loop III (-Bs1-10SLIII) causes the
activity of the ribozyme to be dramatically reduced. In fact,
even after 2 hours of incubation, less than 5% of cleavage was
observed. Even when the biosensor sequence was modified to
allow the formation of only 6 bp, the cleavage activity was still
significantly lower than that of the original SOFA-HDV-Rz-
Rev1, regardless of whether or not the base pairing occurred
between the nucleotides located in either positions 3 to 8
(-Bs3-8SLIII) or positions 5 to 10 (-Bs5-10SLIII). However, it
should be noted that in these latter 2 cases, the reductions
were less drastic than that observed with the 10 bp.

To achieve an accurate analysis of the data, a prediction of
the base pairing potential between the biosensor and the stem-
loop III for each of the ribozymes tested was performed. Since

FIG. 2. Analysis of the base-pairing potential between the biosensor and the stem-loop III. (A) Representation of the SOFA-
HDV-Rz-Rev1 and 3 biosensor mutants. The original SOFA-HDV Rz designed to target the HIV RNA is presented with its 27nt
model substrate. The arrow indicates the cleavage site. The predicted interactions between the biosensor (Bs) and the stem-loop
III (SLIII) are shown for the original SOFA-HDV-Rz-Rev1, and for 3 different biosensor mutants. (B) Example of an in vitro
cleavage assay. The reaction was performed in the presence of trace amounts of 5¢-end-labeled substrate, 100 nM of SOFA-
HDV-Rz-Rev1, and 10 mM MgCl2, except for the control condition in which no ribozyme was added (first lane). Aliquots were
taken at various time points (1, 2, 5, 10, 15, 30, 60, 90, and 120 minutes) and fractionated on a 20% denaturing polyacrylamide
gel. The full-length substrate (27 nt) and the 5¢ cleavage product (5 nt) are identified by the letters S and P, respectively. (C)
Graphic representation of the cleavage percentage as a function of time. The quantification of 2 independent experiments is
reported for the SOFA-HDV-Rz-Rev1-BsOrig (�), -Bs1-10SLIII (-), -Bs3-8SLIII(6), and–Bs5-10SLIII (:) ribozymes.
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the prediction of the complete secondary structure of the
SOFA-HDV ribozyme is not possible using common RNA
folding software, the RNAhybrid software (http://bibiserv.
techfak.uni-bielefeld.de/rnahybrid) was used, and the pre-
dictions of hybridization potential between the stem-loop III
and the biosensor were performed (see Materials and Meth-
ods). This strategy bypassed the main limiting factor of these
folding software, which is the miss-prediction of pseudoknot,
a major structural element of the HDV ribozyme (Masquida
et al., 2010). It is, in fact, an intrinsic weakness of such pro-
grams. The sequence of the biosensor was flanked in 5¢ by
the UUU linker, and in 3¢ by the blocker followed by the CA
(the junction between the blocker and the stem II; ie,
5¢-UUUBs10Bl4CA-3¢) in each case. It was important to con-
sider the flanking sequences in the prediction to include their
potential contributions to the biosensor-stem-loop III inter-
action. These flanking sequences were added, because they
are single-stranded nucleotides that could potentially con-
tribute to the harmful interaction, especially in the case of the
blocker, as there is already evidence supporting this possi-
bility (data not shown). The second RNA sequence required
for the interaction prediction was, in all cases, that of the stem-
loop III (ie, 5¢-ACCUCCUCGCGGU-3¢). The predicted inter-
actions for the 4 biosensors of the SOFA-HDV-Rz-Rev1 are
presented in Fig. 2, whereas the resulting MFE values are
reported in Table 1. Concurrently, kobs and the cleavage per-
centage after 2 hours, which are the selected indicators of the
rate and the activity level, of the ribozyme respectively, were
determined. The data are compiled in Table 1 for the 3 SOFA-
HDV ribozymes and for their respective biosensor mutants.
Briefly, if 6 bp formed between the biosensor and the sequence
of the stem-loop III, the resulting ribozyme exhibited a sig-
nificantly lower cleavage activity, regardless of the position of
this base pairing and of the sequences of the biosensor and
recognition domains. Although, this limit seems to apply to
the majority of the tested ribozymes, there are exceptions

such as the SOFA-HDV-HBV513-Bs3-8SLIII or -Bs5-10SLIII. In
these cases, the percentages of cleavage after 2 hours are less
affected as compared with other ribozymes, whereas their kobs

are still reduced by half. This higher residual activity may come
from the optimal cleavage site of the substrate with an upstream
sequence CUAA or from other interactions that decrease the
strength of the inhibitory interaction. The 4 other nucleotides of
the biosensor and the sequence of the recognition domain may
also contribute to this higher activity. The occurrence of 10 bp
was detrimental to the cleavage activity (Table 1). However, the
closer to the blocker the interaction occurs, the stronger the
effect tends to be (Table 1 and data not shown).

Similar experiments were also performed to verify whether
or not the biosensor can interact with the junction IV/II. When
the sequence of the biosensor included a stretch of nucleotides
that can base pair with the 5 nucleotides of the junction, no
reduction of the cleavage activity was observed (data not
shown). In fact, it was shown that in order to observe a sig-
nificant inhibition of the ribozyme, the biosensor should be
complementary to 10 consecutive nucleotides in the region
spanning the 3¢ strand of stem II as well as junction IV/II, a
situation which is highly improbable (1 out of 410 nucleotides).
Even if this was the case, the reduction was less important
than that observed for 10 bp formed with the stem-loop III,
probably because it also requires the unfolding of stem II.

In summary, only the intramolecular base pairing between the
biosensor and the stem-loop III appears to be an important factor
reducing the potential of the SOFA-HDV ribozyme. Detailed
analysis of the SOFA-HDV ribozymes in the library developed
from previous projects did not result in the identification of other
domains whose interactions could explain why some ribozymes
did not exhibit significant cleavage levels.

The size of the blocker domain

The underlying concept of the SOFA module relies on both
the formation of the blocker stem and on the annealing of the

Table 1. Cleavage Activities and Thermodynamic Parameters of the Specific On/Off

Adaptor-Hepatitis Delta Virus Ribozymes Mutated in the Biosensor Domain

Ribozymes Substrate sequencesa Cleavage activityb Bs interactionc

Name
Upstream
sequence RD Spacer Biosensor

kobs

(min - 1)
Cleavage

(%)
MFE

(kcal/mol)

-Rev1-Bsorig 5¢-GGCA GGAAGAA GCGGA GACAGCGACG-3¢ 1.606 – 0.082 85 - 10.6
-Bs1-10SLIII 5¢-GGCA GGAAGAA GCGGA acCucCucgc-3¢ 0.024 – 0.004 3 - 27.0
-Bs3-8SLIII 5¢-GGCA GGAAGAA GCGGA GACucCucuu-3¢ 0.023 – 0.001 50 - 15.1
-Bs5-10SLIII 5¢-gGGCA GGAAGAA GCGGA cuCcuCuAuu-3¢ 0.015 – 0.001 36 - 15.6

-NS527-Bsorig 5¢-ggUCCA GGACAUA CUAA UGAGGAUGUC-3¢ 0.420 – 0.020 90 - 5.6
-Bs1-10SLIII 5¢-ggUCCA GGACAUA CUAA accuccUcgC-3¢ 0.061 – 0.025 10 - 26.4
-Bs3-8SLIII 5¢-ggUCCA GGACAUA CUAA UGcuccUcUu-3¢ 0.040 – 0.003 72 - 14.9
-Bs5-10SLIII 5¢-gggUCCA GGACAUA CUAA cuccucUGUu-3¢ 0.119 – 0.007 58 - 15.4

-HBV513-Bsorig 5¢-gggcuaa GCGUCGC aaaa AUCUCAAUCU-3¢ 0.726 – 0.063 88 - 9.2
-Bs1-10SLIII 5¢-gggcuaa GCGUCGC aaaa acCUCcucgc-3¢ 0.027 – 0.003 21 - 26.4
-Bs3-8SLIII 5¢-gggcuaa GCGUCGC aaaa AUCUCcucCU-3¢ 0.437 – 0.038 77 - 15.4
-Bs5-10SLIII 5¢-gggcuaa GCGUCGC aaaa cUCcucAUCU-3¢ 0.309 – 0.031 80 - 15.4

aRD and Biosensor indicate the binding sites, in the substrate, for their respective ribozyme’s domain. The capital letters indicate the
nucleotides coming from the original target sites.

bCleavage activity was determined in the presence of 100 nM of SOFA-HDV ribozyme and trace amounts of substrate. The percentage of
cleavage was determined after 2 hours at 37�C with a variation of less than 5% for at least 2 independent assays.

cPotential interactions between the biosensor and the stem-loop III as predicted using the RNAhybrid software (MFE).
SOFA-HDV, specific on/off adaptor-hepatitis delta virus; MFE, minimum free energy of hybridization.
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biosensor to the target RNA. Basically, the blocker acts as an
element competing with the substrate for access to the rec-
ognition domain, thus increasing the ribozyme’s fidelity.
Consequently, the longer the blocker stem is, the lower the
activity of a given ribozyme tends to be, although that activity
should be more specific (Bergeron et al., 2005). However, the
biosensor and the blocker are contiguous domains within the
SOFA module. Consequently, the last nucleotide of the bio-
sensor could also extend the blocker simply by base pairing
with the 3¢ region of the recognition domain. More specifi-
cally, in some cases, the 9th and 10th nucleotides of a 10-
nucleotide-long biosensor could form base pairs with the 6th
and 5th nucleotides of the recognition domain, respectively,
thus creating a longer blocker stem. This may happen rela-
tively frequently (ie, a 1 out of 4 chance of creating a 1bp
extension). For example, the biosensor of SOFA-HDV-Rz-
NS527 forms a 5 bp blocker due to the presence of an extra AU
bp (Fig. 3, left side). Thus, this ribozyme remains highly active
either because 5 bp are insufficient to inactivate it signifi-
cantly, or because, in this particular case, the resulting blocker
stem is not stable enough to have a significant impact on the
activity (Table 1). More importantly, the addition of 2 bp to the
blocker stem may have a critical impact on the cleavage ac-

tivity of the ribozyme. Some examples of this phenomenon
were found in a library created in the course of a study aiming
at designing SOFA-HDV ribozymes targeting HCV RNA
strands (Levesque et al., 2010). All the ribozymes harboring a
6 bp blocker sequences resulting from an extension of the
blocker by 2 bp that involved residues considered as being
within the biosensor exhibited a low level of cleavage activity.
If a Wobble bp is present in the 7th bp, which can occur 25% of
the time, this would result in a self-cleaving sequence (ie, a cis-
acting HDV ribozyme). To verify this hypothesis, both the
SOFA-HDV-Rz-NS527 and -Rz-Rev1 biosensors were mu-
tated in order to create blocker stems of 6 bp in length. One
nucleotide was mutated in SOFA-HDV-Rz-NS527 (which
possessed an original blocker of 5 bp) to create SOFA-HDV-
Rz-NS527-Bl6, whereas 2 nucleotides were changed in the -Rz-
Rev1 (which possessed an original blocker of 4 bp) to form
SOFA-HDV-Rz-Rev1-Bl6. These SOFA-HDV ribozymes form-
ing 6 bp blocker stems were compared with their corresponding
original SOFA-HDV ribozymes. One more mutation was ad-
ded to both to include a GU Wobble bp at the bottom of the
recognition domain, creating SOFA-HDV-Rz-NS527-Bl7 and -
Rz-Rev1-Bl7, respectively (see Fig. 3). The SOFA-HDV ribo-
zymes were synthesized by in vitro transcription in the presence

FIG. 3. Self-cleavage dem-
onstration with 2 different
SOFA-HDV Rz. The SOFA-
HDV-Rz-NS527 (left) and the
SOFA-HDV-Rz-Rev1 (right)
are presented on each side of
the gel. For both ribozymes,
the original sequence (-Bl5 or
-Bl4) and 2 variants with
blockers of either 7 (-Bl7) or
6 (-Bl6) bp (mutations in
the last 2 or 3 nucleotides of
the Bs) were in vitro tran-
scribed in the presence of
[a-32P]UTP. The full-length
transcripts (98 nt) and both
the 5¢(21 nt) and 3¢(77 nt)
self-cleavage products can
be seen on the gel. The
sequences of the biosensor,
the blocker, and the recogni-
tion domain for each SOFA-
HDV ribozyme are shown in
boxes in a representation of an
off conformation. The arrows
indicated the putative self-
cleavage sites. The positions
of the xylene cyanol (XC)
and bromophenol blue (BPB)
dyes are indicated adjacent
to the gel.
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of [a-32P]UTP to be able to follow all of the RNA species that
could be produced during the reactions, including the self-
cleavage products. The full-length SOFA-HDV ribozyme is
98 nt in size (see Fig. 3). If a 7 bp blocker that includes a GU
Wobble which is formed between the eigth nucleotide of
the biosensor and the seventh nucleotide of the recognition
domain is present, self-cleavage produced 2 shorter RNA
products and there is almost no full length ribozyme present
(see Fig. 3, SOFA-HDV-Rz-NS527-Bl7 and -Rev1-Bl7). Ribo-
zymes of this type are not interesting, as they will never be
useful for the development of a gene-inactivation system. No
self-cleavage products are detected when the last guanosine
residue is replaced by a cytosine (Fig. 3-Rz-NS527_Bl6 and -
Rz-Rev1_Bl6). The 2 other possibilities that were tested for the
last base pair revealed that only the presence of an AU bp
resulted in self-cleavage, and even then only at a low level
(data not shown). Overall, our results show that the identity of
the last nucleotides of the biosensor need to be analyzed to
detect and remove any Rz that forms an extended blocker stem
of 6 bp or more. This conclusion is also supported by previ-
ously reported data (see Bergeron et al., 2005).

Structure of the target

The structure of the target is obviously an important feature
to consider when targeting an RNA molecule in trans. The
formation of an intermolecular RNA duplex between the
ribozyme and the target RNA can be compromised through
competition from unfavorable intramolecular base pairing
present in the targeted region. The importance of a site’s
accessibility to a ribozyme has been demonstrated in several
studies. In the case of the HDV ribozymes, various protocols
for the identification of the more susceptible regions have also
been reported (Bergeron and Perreault, 2002). However, more
recently, it was found that the addition of the SOFA motif
reduces the importance of the accessibility hurdle (Bergeron
and Perreault, 2005). Most likely, the presence of the biosensor
domain that forms 10 bp with the substrate helps disrupt any
initial secondary structure present in the target RNA, at least
in terms of binding energy. The subsequent binding of both
the biosensor and the ribozyme’s recognition domain to the
substrate might then occur in a cooperative manner. How-
ever, analysis of previous studies aimed at developing SOFA-
HDV ribozymes targeting various RNA substrates does not
lead to a clear conclusion on this issue. For example, it was a
lot easier to obtain active, even very active (ie, > 70% cleavage
activity in vitro), SOFA-HDV ribozymes targeting the 3¢-end
of the HCV RNA negative strand than ones targeting its
counterpart of the positive strand that folds into a more stable
secondary structure (ie, the 5¢-UTR and its internal ribosome
entry site motif) (Levesque et al., 2010).

To clarify the situation, an experiment was designed that
independently addressed the importance of the accessibilities
of the biosensor and recognition domains. Several substrates
that include identical sequences for the binding of both the
biosensor and recognition domains of SOFA-HDV-Rz-
HBV513 were synthesized (Fig. 4A). This ribozyme was se-
lected because of its outstanding activity in vitro (Fig. 4B). The
reference substrate (513ss) was designed to fold mainly into
a single-stranded RNA that contains both binding sites in its
5¢-end portion. The sequence of the 3¢ portion of the various
substrates was mutated in such a way that it was either

complementary, or not, to either the biosensor or the recog-
nition domain binding sites. In other words, when perfectly
complementary, it should limit (or prevent) the binding of
the corresponding ribozyme domain, and vice versa. The sec-
ondary structures of each substrate, as predicted by Mfold
(Zuker, 2003), are illustrated in Fig. 4A. The SOFA-HDV-Rz-
HBV513 exhibited high cleavage activity on the almost com-
pletely single-stranded substrate (513ss), but it could not ef-
ficiently cleave the substrate that is primarily double stranded
(513ds) (Fig. 4B; 87% and < 1% of cleavage, respectively). The
presence of base pairs in the recognition domain binding site
was enough to strongly reduce the activity of the ribozyme
(Fig. 4B, 513RDds, 35% cleavage). A single mismatch located
in the middle of the base-pairing region of the recognition
domain was sufficient to cause a significant improvement in
the ribozyme’s cleavage activity (Fig. 4B, 513RD1mm, 78%
cleavage). The influence of base pairing at the level of the
biosensor’s binding site on the ribozyme’s cleavage was also
evaluated (Fig. 4C). When this region was included in a
double-stranded structure, and one of the recognition do-
mains was single stranded, the ribozyme exhibited only re-
sidual activity (Fig. 4C, 513Bsds 15% cleavage). Mutations
that enabled the formation of either 1 (513Bs1mm) or 2
(513Bs2mm) mismatches restored the activity in a DG de-
pendent manner (Fig. 4C, 33% and 73% cleavage, respec-
tively). In fact, the activity of the ribozyme on this set of
substrates seems to be inversely correlated with the stability
of the structure present in the target RNA, in agreement with
the predicted impact of the substrate’s structure.

This experiment showed that even if both the biosensor and
the recognition domains are located in close proximity to one
another and may interact with the substrate in a cooperative
manner, the accessibility of the substrate is important for the
ribozyme to exhibit high level of cleavage activity. However,
predicting the accessibility of a targeted site for a ribozyme is
not a simple task, and fixing a threshold for the design of
SOFA-HDV ribozymes is even more complicated. For exam-
ple, the experiments in which the HCV RNAs were targeted
showed that it is still hard to reliably predict the accessibility
to the SOFA-HDV ribozyme, even when using a coupled
bioinformatic-biochemical approach (Levesque et al., 2010).
However, in the course of this work, it also appeared to be
clear that the addition of the SOFA module significantly re-
duces the substrate accessibility hurdle, because several HDV
ribozymes did not cleave at all, whereas their SOFA-HDV
ribozyme counterparts did, albeit at different levels (F.P.
Brière and J.P. Perreault, data not shown). Thus, it was con-
cluded that it is important to select target sites that show a
minimum of accessibility to be able to design SOFA-HDV
ribozymes with a relatively good potential for success. Sub-
sequently, an in vitro cleavage assay should permit the
screening of the most potent ribozymes. However, it is im-
portant to keep in mind that an RNA may fold differently
in vivo than in vitro and may, therefore exhibit a different
accessibility for a given cleavage site.

A simple procedure for selecting the more potent
SOFA-HDV ribozymes

The work just described, as well as the accumulated data
from several studies recently performed aiming at developing
a gene-inactivation system based on SOFA-HDV ribozymes
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(Fiola et al., 2006; Robichaud et al., 2008; Levesque et al., 2010;
D’Anjou et al., 2011; Laine et al., 2011), identified some of the
determinants that appear to be important while considering the
design of more potent tools for gene inactivation. Importantly,
we believe a point has been reached that where considering
only simple rules based on the sequences of both the ribozyme
and the target, RNA should be sufficient to remove a significant
proportion of the latter, specifically those with limited poten-
tial. Previous work performed with minimal RNA cleaved by
the HDV ribozyme has shown that the identities of the nucle-
otides located in positions - 1 and - 2 of the substrate, that is to
say those in the positions adjacent to the cleavage site, signifi-
cantly influence the cleavage level (Deschenes et al., 2000).
Specifically, the presence of a guanosine in position - 1 should
be avoided, and the presence of 2 consecutive pyrimidines in
positions - 1 and - 2 is not favorable. Moreover, the experi-
ments just described have shown that the presence of long
base-pairing regions between the biosensor and the stem-loop
III, as well as extended blocker sequences, should be avoided.
Together, this provides 3 simple criteria for removing SOFA-
HDV ribozymes that have a lesser chance of success before any
target structure analysis.

To validate these simple rules, an experiment designing
SOFA-HDV ribozymes targeting the RNA coding for the

RNA polymerase HCV (ie, the NS5B gene, a coding region
1,773 nucleotides in size) was performed. First, all potential
target sites along the NS5B RNA strand were selected on the
basis of the presence of H-1/G + 1 sites (H stands for A, C or U).
This excludes the presence of a guanosine in position - 1 and
satisfies the necessity for the presence of a guanosine (re-
quired for the formation of the Wobble bp) located in position
+ 1. This selection led to the identification of 319 potential
cleavage sites along the NS5B RNA. For each site, the se-
quences of the substrate complementary to both the biosensor
and recognition domains of the SOFA-HDV ribozyme were
always defined by considering a spacer of 5 nucleotides in
length (ie, the spacer is the substrate sequence located be-
tween the regions bound by the biosensor and the recognition
domains, see Fig. 1). This spacer size, which was shown to be
optimal when between 3 and 7 nucleotides in length, was kept
constant to restrict the number of variables in the experiment.
Subsequently, a simple scoring system that includes 2 values
was developed to classify the potential SOFA-HDV ribo-
zymes. First, each of the possible nucleotides combination in
position - 2 and - 1 was assigned an arbitrary score (ie,
specifically CC = - 15; UC, UU and CU = - 10; CA = - 5; UA,
AU and GU = 0; GC, AC, and GA = + 5; AA = + 10) from the
least to the most suitable ones based on previously reported

FIG. 4. Evaluation of the
target site’s accessibility. (A)
The predicted secondary
structures of the different
substrates for SOFA-HDV-
Rz-HBV513. Seven substrates
that adopt different struc-
tures, due to sequence chan-
ges in the 3¢ region, are
illustrated. The substrate
513ss (�) is mostly single
stranded, whereas 513ds (-)
is mainly double stranded.
The substrates 513RDds (A)
and 513RD1mm ()) are
double stranded in the rec-
ognition domain’s binding
site with 0 or 1 mismatches,
respectively. The substrates
513Bsds (:), 513Bs1mm
(6), and 513Bs2mm (7) are
double stranded in the bio-
sensor’s binding site with 0,
1, or 2 mismatches, respec-
tively. The DG of each of the
structure, as predicted by
Mfold, is shown below the
name of each substrate. The
arrows indicate the cleavage
sites. (B) and (C) Graphic
representations of the in vitro
cleavage assays performed
with each substrate in the
presence of 100 nM of SOFA-
HDV-Rz-HBV513.
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data for the HDV ribozyme’s preferred nucleotides upstream
of the cleavage site (Deschenes et al., 2000). However, it
should be noted that this has never been verified for SOFA-
HDV ribozymes. Second, the predicted MFE value of the
potential interaction between the biosensor and the stem-loop
III as calculated using RNAhybrid was associated to the
SOFA-HDV ribozymes. The sum of both values was consid-
ered as the score for a given SOFA-HDV ribozyme, and the
classification of the 319 potential SOFA-HDV ribozymes from
the most to the least potent was then obtained.

From this list, the 10 ribozymes with the highest scores,
along with the 10 with the lowest scores, were selected for
further analyses. The 2 clusters of SOFA-HDV- ribozymes
were synthesized by run-off transcription. Two ribozymes of
the lowest scores showed unexpected self-cleavage during the
transcription without the formation of a perfect stem I. To
avoid any bias that could be generated by the use of self-
cleaving ribozymes in a trans-cleavage reaction, we removed
these 2 ribozymes from the study. To exclude the impact of the
target structure, short substrates 32 nucleotides long, of which
26 nucleotides were derived from the NS5B gene, were used
(Table 2). At the 5¢-end, 6 nucleotides were added for technical
purposes without any impact on the cleavage activity, as they
corresponded to positions - 5 to - 10 from the cleavage site
and are too far from the cleavage site to affect the cleavage
efficiency. Subsequently, cleavage assays were performed
in vitro over an incubation time of 3 hours. The cleavage rates
(kobs) and percentages of cleavage after 3 hours are compiled
in (Fig. 5). A significant difference is observed between the 2
clusters. All ribozymes from the high-score cluster targeted

substrates with 2 adenosines located in positions - 1 and - 2
[ie, A-2A-1/G + 1, the best reported sequence for an HDV ri-
bozyme cleavage site; (Deschenes et al., 2000)]; had a rela-
tively weak base pairing probability between the biosensor
and the stem-loop III according to the MFE values; and pos-
sessed a blocker that was no more than 5 bp long (including
blocker extension achieved trough complementarity with the
biosensor) (see Table 2). With the exception of 1 ribozyme
(SOFA-HDV-Rz-NS5B-222), all of these SOFA-HDV ribo-
zymes exhibited a relatively high level of cleavage, with the
kobs varying from 0.49 to 0.558 minute - 1 and the cleavage
percents being greater than 66% (8 out of 9 were greater than
78%). The exception, SOFA-HDV-Rz-NS5B-222, cleaved its
substrate only moderately, with a kobs of 0.024 minute - 1 and
cleavage that was limited to only 10% after 3 hours, for un-
known reasons. In the case of the ribozymes with the lowest
scores, the best value observed for kobs was 0.060 minute - 1,
and the highest cleavage percentage was 70%. More impor-
tantly, most of these SOFA-HDV ribozymes did not achieve a
kobs higher than 0.025 minute - 1, which is 20-fold lower than
what was observed for the best ribozymes. All the SOFA-
HDV ribozymes from this cluster targeted substrates with 2
cytosines located in positions - 1 and - 2 (C-2C-1/G + 1), except
for SOFA-HDV-Rz-NS5B-266 that had a C-2U-1/G + 1 and is, in
fact, the most active of these ribozymes. Some of these ribo-
zymes may possess the potential of base pairing between the
biosensor and the stem-loop III, as indicated by the relatively
high predicted MFE values, and one seems to possess an ex-
tended blocker of 6 bp in length. These facts might partially
explain the low levels of cleavage activity observed. However,

Table 2. Data from the Specific On/Off Adaptor-Hepatitis Delta Virus Ribozymes

Targeting Hepatitis C Virus NS5B

Ribozymes Substrate sequencesa Predictionb Cleavage activityc

Name Upstream sequence RD Spacer Biosensor Scores
MFE

(kcal/mol)
Bl

(bp)
kobs

(min - 1)
Cleavage

(%)

-NS5B_207 5¢-gggaaaUCAA GGAGAUG AAGGC GAAGGCGUCC-3¢ 0.6 - 9.4 4 0.093 – 0.008 78
-NS5B_222 5¢-gggaaaCGAA GGCGUCC ACAGU UAAGGCUAAA-3¢ 2.4 - 7.6 4 0.024 – 0.008 10
-NS5B_237 5¢-gggaaaUUAA GGCUAAA CUUCU AUCCGUGGAG-3¢ 1.6 - 8.4 5 0.558 – 0.080 80
-NS5B_270 5¢-gggaaaGUAA GCUGACG CCCCC ACAUUCGGCC-3¢ - 0.9 - 10.9 5 0.412 – 0.033 87
-NS5B_342 5¢-gggaaaGCAA GGCCGUU AACCA CAUCCGCUCC-3¢ - 0.3 - 10.3 4 0.132 – 0.006 88
-NS5B_372 5¢-gggaaaGGAA GGACUUG CUGGA AGACACUGAG-3¢ 2.0 - 8.0 4 0.049 – 0.006 66
-NS5B_465 5¢-gggaaaGCAA GCCAGCU CGCCU UAUCGUAUUC-3¢ 3.2 - 6.8 4 0.240 – 0.021 88
-NS5B_894 5¢-gggaaaUGAA GGCCGCU GCGGC CUGUCGAGCU-3¢ 1.0 - 9.0 4 0.109 – 0.014 79
-NS5B_1265 5¢-gggaaaGCAA GGAUGAU CCUGA UGACUCAUUU-3¢ 2.4 - 7.6 5 0.055 – 0.006 82
-NS5B_1592 5¢-gggaaaGUAA GGACCAA GCUCA AACUCACUCC-3¢ - 1.6 - 11.6 4 0.071 – 0.004 86
-NS5B_266 5¢-gggaaaGCCU GUAAGCU GACGC CCCCACAUUC-3¢ - 28.5 - 18.5 5 0.060 – 0.003 70
-NS5B_346 5¢-gggaaaGGCC GUUAACC ACAUC CGCUCCGUGU-3¢ - 26.1 - 11.1 4 0.025 – 0.001 60
-NS5B_359 5¢-gggaaaAUCC GCUCCGU GUGGA AGGACUUGCU-3¢ - 24.3 - 9.3 6 0.022 – 0.004 44
-NS5B_665 5¢-gggaaaACCC GCUGUUU UGACU CAACGGUCAC-3¢ - 28.2 - 13.2 4 0.013 – 0.002 67
-NS5B_833 5¢-gggaaaCGCC GGUGCCG CGCGA GCGGUGUACU-3¢ - 29.5 - 14.5 4 0.0030 – 0.0001 30
-NS5B_1157 5¢-gggaaaACCC GUGACCC CACCA CCCCCCUUGC-3¢ - 34.1 - 19.1 5 0.017 – 0.001 42
-NS5B_1620 5¢-gggaaaUCCC GGCUGCG UCCCA GUUGGAUUUA-3¢ - 27.3 - 12.3 5 0.018 – 0.001 33
-NS5B_1703 5¢-gggaaaGCCC GACCCCG CUGGU UCAUGUGGUG-3¢ - 27.0 - 12.0 4 0.016 – 0.001 48

aRD and Biosensor indicate the binding sites, in the substrate, for their respective ribozyme’s domain. The capital letters indicate the
original nucleotides coming from the NS5B gene.

bBioinformatic prediction including the arbitrary scoring values (Scores), the potential interaction between the biosensor, and the SLIII as
predicted using the RNAhybrid software (MFE) and the number of base pairs forming the blocker stem (Bl) including any extension caused
by complementarity between the biosensor and the recognition domain.

cCleavage activity was determined in the presence of 100 nM of SOFA-HDV ribozyme and trace amounts of substrate. The percentage of
cleavage was determined after 3 hours at 37�C with a variation of less than 5% for at least 2 independent assays.
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it is not obvious that the negative effects are additive, at least
according to the cleavage activities of the tested ribozymes.
More importantly, when an unpaired t test was performed to
establish whether both clusters of SOFA-HDV ribozymes
were significantly different, the p-values obtained were found
to be lower than 0.05 for both the kobs and the cleavage per-
centage (Fig. 5). Consequently, it is possible to select the most
potent SOFA-HDV ribozymes and to discard the others.

Discussion

Significant effort has been directed toward optimizing the
design processes of the different RNA silencing tools (eg,
siRNA and shRNA) and of the most commonly used catalytic
RNAs (eg, hammerhead ribozyme) (Hendry et al., 2004; Vor-
objeva et al., 2006; Levesque et al., 2007; Ashihara et al., 2010;
Laitala-Leinonen, 2010; Matveeva et al., 2010; Muhonen and
Holthofer, 2010; Zhou and Rossi, 2010). This study is the first
that is aimed gaining knowledge about the features which
should be taken into consideration when developing a gene-
inactivation system, more specifically one based on the SOFA-
HDV ribozyme, a catalytic RNA that has shown great
promise for cleaving various RNA targets of clinical interest
(Fiola et al., 2006; Robichaud et al., 2008; Levesque et al., 2010;
D’Anjou et al., 2011; Laine et al., 2011). To improve the design
process, and thereby ensure a more efficient production of

promising SOFA-HDV ribozymes, the key determinants for
the selection of the ribozymes with the greatest potential were
identified by considering the substrate and the ribozyme as
distinct RNA molecules that influence the resulting cleavage
activity.

In terms of the ribozyme itself, the goal is to avoid working
with molecules that lack significant cleavage activity, a situ-
ation that may occur when either the ribozyme adopts an
inactive structure, or itself impairs its catalytic ability. The
HDV ribozyme folds into a highly compact structure that
seems to follow a relatively limited number of alternative
folding pathways. However, the addition of the SOFA mod-
ule implies the presence of the biosensor, which initially is a
relatively long single-stranded domain, but can potentially
intramolecular base pairs with other parts of the ribozyme.
The experiments performed here unambiguously demon-
strated that a biosensor sequence possessing good com-
plementarity to the stem-loop III inhibited the resulting
SOFA-HDV ribozyme’s activity (see Fig. 2). Initially, during
the folding pathway of the HDV ribozyme, the stem-loop III is
located outside the catalytic core (Reymond et al., 2010), and,
therefore, was shown to be relatively available for interaction
with an oligonucleotide (Ananvoranich and Perreault, 2000).
This is in agreement with the observation that the inactive
structure of an allosteric HDV ribozyme was caused by the
presence of a sequence located at the top of the stem II
that interacts with the stem-loop III region (Beaudoin and
Perreault, 2008). Conversely, when the biosensor sequence
was complementary to junction IV/II, the other mainly single-
stranded region of the catalytic core, the cleavage activity was
not impaired. The biosensor and the junction IV/II are most
likely located in opposite orientations, at least according to the
tridimensional structure of the HDV ribozyme (Reymond
et al., 2010). The second situation investigated that can result
in the production of an inactive ribozyme was the extension of
the blocker stem. Suitable blocker domains are expected to be
formed by 4 nt of base pairing with the recognition domain
(Bergeron et al., 2005). A longer blocker of 5 bp may, or may
not, limit cleavage activity depending on the relative stabili-
ties of the bp. In the case of the 6 bp blocker, the competition of
the substrate with the blocker for binding to the recognition
domain appears to be impossible most, if not all, of the time.
This observation receives physical support from the analysis
of several SOFA-HDV ribozymes present in the library that
exhibited low levels of cleavage activity while permitting the
presence of longer blocker stems resulting from the presence
of 1 or 2 additional base pairs derived from the positions
located adjacent to the biosensor. More importantly, blocker
sequences of 7 bp that included a Wobble base pair at the end
were detrimental, because they resulted in ribozyme self-
cleavage (see Fig. 3). Retrospective analysis of the SOFA-HDV
ribozymes produced to target HCV yielded 2 self-cleaving
ribozymes, which might help in explaining their low observed
cleavage activities (Levesque et al., 2010). This type of situa-
tion can be easily predicted during the design of a SOFA-HDV
ribozyme, and, therefore, can be simply avoided.

With regard to the substrate, the situation is more complex
with the important parameters being both the sequence and
the structure. The experiments illustrated in Fig. 4 revealed
that the structure of the substrate is important. Clearly, when
the sequences bound by both the recognition and the bio-
sensor domains are accessible (ie, are single-stranded), the

FIG. 5. Analysis of the kinetic parameters of the SOFA-
HDV ribozymes targeting the NS5B sequences. (A) and (B)
are the cleavage rates (kobss) and the percentages of cleavage
after 3 hours, respectively, determined for SOFA-HDV ri-
bozymes of both the low- and high-score clusters. The dashed
lines represent the mean of each group, whereas the * indi-
cates P values less than 0.05.
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cleavage level is higher. However, the binding of both domains
appears to act in a cooperative manner, thus reducing the im-
portance of this requirement as compared with what is ob-
served in other ribozymes (including the original HDV
ribozyme) for which this was shown to be of critical importance.
A single mismatch in the substrate’s structure located in the
middle of the domains bound by the ribozyme was sufficient to
cause good binding and, subsequently, significant cleavage
activity. Various bioinformatic and biochemical approaches
have been developed to identify the most accessible sites along a
target RNA (Amarzguioui et al., 2000; Bergeron and Perreault,
2002; Mercatanti et al., 2002; Marin and Vanicek, 2011). How-
ever, even today, the ability to determine the target site’s ac-
cessibility for a ribozyme is limited; hence, the development of
the SOFA module and the SOFA-HDV ribozyme, as it could
potentially reduce the importance of this hurdle.

Conversely, the identity of the nucleotides located adjacent
to the cleavage site appears to be of primary importance. The
analysis of the SOFA-HDV ribozymes designed to target
small RNA substrates derived from the NS5B RNA revealed
that the presence of the required nucleotides in the positions
located in - 1 and - 2 of the cleavage site for the HDV ribo-
zyme remained important on the addition of the SOFA
module. More precisely, the presence of a guanosine residue
cannot be tolerated in position - 1, and it is preferable to avoid
the presence of 2 consecutive pyrimidines in positions - 1 and
- 2. In addition, the presence of 2 consecutive adenosines in
these positions seems to be the best combination, although no
systematic analysis in the context of the SOFA-HDV ribo-
zymes has been performed.

In conclusion, substrate regions that appear to be relatively
accessible, which harbor the sequence A-2A-1/G + 1 and are
targeted by a SOFA-HDV ribozyme possessing both a rela-
tively weak base-pairing probability between the biosensor
and the stem-loop III and a blocker of no more than 5 bp in
length (potential blocker extension), appear to be the best
probable situation for the development of a gene-inactivation
system. Among the 319 possible SOFA-HDV ribozymes tar-
geting the NS5B RNA (1,773 nucleotides), 105 sites (33%)
would have been removed by simply considering that the
presence of any Y-1Y-2G + 1 site should result in that site being
discarded (ie, Y is a pyrimidine). Moreover, if a threshold MFE
value of - 15 kcal/mol, as predicted by RNAhybrid for the
potential base pairing between the biosensor and stem-loop
III, was considered, another 21 SOFA-HDV ribozymes (7%)
would have been discarded. Finally, concerning the extension
of the blocker stem, 121 SOFA-HDV ribozymes (38%) have an
extended blocker, including 52 (16%) that would have formed
a blocker of 6 or more bp and that, therefore, should have been
removed. Thus, if it is considered that a potential ribozyme can
be discarded only once, 155 ribozymes (48%) would have been
retained by this selection process. Interestingly, if only the
SOFA-HDV ribozymes targeting the preferential cleavage site
(A-2A-1/G + 1) are considered, only 28 sites (9%) remain for the
subsequent steps without even considering the accessibility
data. Analysis of the library of SOFA-HDV ribozymes tested
up to date revealed that the best ones are in agreement with
these requirements. Clearly, the proposed selection process
should now be considered as a gold standard for the further
development of a gene-inactivation tool based on SOFA-HDV
ribozyme, although some testing will always be needed for the
final selection of the ribozymes to be used in the cell.
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