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Hammerhead ribozymes (hRz) and other catalytic RNAs
are site-specific enzymes with antisense (AS) flanks that hy-
bridize to the target mRNA around the cleavage site [1]. Ide-
ally, the AS flanks bind just long enough to allow the catalytic
core of the ribozyme (Rz) to cleave (maximum about 1/min)
[2,3]. The two cleavage products may be released allowing
the Rz to turnover new targets. Cleaved mRNA is rapidly de-
graded because the products lose protective effects of 5'-cap-
ping or 3' polyadenylation. The number of protein molecules
produced from each mRNA is large so even low levels of
mRNA knockdown can significantly suppress toxic mutant
protein levels. In an elegant proof-of-principle study muta-
tion-specific Rzs (MSpe-Rz) designed to selectively cleave
mutant opsin mRNA [4] were effective at slowing retinal de-
generation in a transgenic rat model, even though reduction
of mutant opsin mRNA was only 10-15% [5]. MSpe-Rz de-
signs require that the mutation generate a new hRz cleavage
site (NUH‘, where N=G,A,C,U; H=C,A,U [6,7] and ‘ indi-
cates the site of phosphodiester bond cleavage) that is not
present in wild type (WT) mRNA (e.g., GAC->GUC‘: Asp-
>Val) [8]. The MSpe-Rz approach has therapeutic potential

for only 14 of the many known opsin autosomal dominant
retinitis pigmentosa (adRP) mutations. A mutation-selective
approach (MSel-Rz) covers a wider range of mutations but
also leads to cleavage of WT mRNA [4,9].

Nearly a hundred single nucleotide (nt) rod opsin gene
missense mutations cause the retinal degeneration autosomal
dominant retinitis pigmentosa (adRP) [10]. Different muta-
tions cause diverse clinical phenotypes with variable times of
onset and rates of progression [10,11]. Our hypothesis is that
suppression of daily toxic mutant opsin expression [12-15] in
the photoreceptor would protect against apoptotic cell death
[16,17] and prolong the onset and rate of degeneration.

Knockdown (KD) hRzs act to suppress both mutant and
normal wild type (WT) target mRNAs to the same extent. The
rationale that a KD hRz approach could be therapeutic for
opsin adRP is based upon the fact that rhodopsin is abundantly
expressed in rod photoreceptors. Single cell physiological stud-
ies have shown that only 200 rhodopsin activations will satu-
rate human rod photoreceptor transduction machinery, despite
the presence of approximately 108 molecules in the rod outer
segment [18]. This indicates that rhodopsin levels could be
substantially reduced with transduction preserved, albeit at
lower sensitivity. At least 50% of human rhodopsin is in ex-
cess with respect to rod survival. A recessive human rod opsin
mutation (E249ter) in the carrier state causes an expected 50%
loss of WT rod visual pigment, yet night vision is reported
normal and there is no retinal degeneration [19,20]. The only
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result of a single dose of E249ter opsin is a slight but clini-
cally insignificant loss of rod sensitivity. The E249ter null
human mutation is comparable to the heterozygous rod opsin
knockout mouse, which expresses 50% of normal rod rhodop-
sin protein from one functional WT allele. The opsin+/- mouse
has shortened rod outer segments, a slight loss in rod func-
tional sensitivity, and little, if any, rod photoreceptor cell loss
[21]. Mammalian rod photoreceptors tolerate reductions in WT
rod rhodopsin at least as much as 50% with little, if any, func-
tional consequences. When WT albino rats are raised in cy-
clic light (400 lux), dark-adapted rod rhodopsin decreases to
25% of normal with reductions in outer segment length, but
little cell death [22]. This suggests that reductions of WT rod
rhodopsin in adRP rods to as low as 25%, for example by a
50% hRz-induced reduction of total rod opsin (WT + mutant),
may be well tolerated, leaving surviving rods with shorter outer
segments. The benefit of reducing toxic mutant opsin in an
adRP rod photoreceptor is unlikely to be offset by equivalent
suppression of WT protein, so long as sufficient WT rhodop-
sin remains to support outer segment formation.

As a candidate gene therapy for adRP we developed a
panel of KD hRzs to reduce the levels of total rod opsin mRNA.
We chose a KD approach [23-26] because higher order mRNA
structure imposes a severe constraint on any Rz gene therapy
strategy [27-38] (Sullivan et al., in preparation). Most muta-
tions are likely buried in secondary and tertiary structures that
inhibit rate-limiting annealing of mutation-directed Rzs
[39,40]. Only a handful of cleavage sites are likely accessible
in any WT or mutant mRNA. We demonstrate here for the
first time that hRzs can specifically cleave long expression-
competent functional human rod opsin mRNAs in vitro at
physiological temperatures to reduce intact transcript levels
significantly. These hRzs cleave mRNAs from WT and se-
vere adRP mutant human opsin (C187Y [41]) alleles equally
well and are expected to cleave mRNAs from all known mu-
tant opsin adRP genes as none alter the target site. Prelimi-
nary results were reported [25].

METHODS
Materials:  Oligodeoxynucleotides (ODNs) were synthesized
by GenoSys (The Woodlands, TX). In vitro transcription kits
(MegaScript, MegaShortScript) were from Ambion (The
Woodlands, TX). SYBR Gold was from Molecular Probes
(Eugene, OR).

RNA Secondary Structure Analysis:  Opsin mRNA and
hRzs were subjected to secondary structure analysis by the
Genetics Computer Group (GCG Version 9.1; Madison, WI)
[42] algorithms RNAFOLD and MFOLD. RNAFOLD iden-
tifies the lowest energy structure at 25 °C [43] and MFOLD
shows a range of possible conformations at a user specified
temperature [44].

Construction of hRz and Opsin Expression Vectors:  First
generation hRzs had symmetrical antisense (AS) flank se-
quences surrounding the consensus catalytic domain [45] (Fig-
ure 1). hRz cDNAs and a human WT rod opsin cDNA (1.8
kB) [46] were cloned into pSP64pA (Promega, Madison, WI;
first generation) or pCDNA3 (InVitrogen, Carlsbad, CA)

downstream from the SP6 or T7 promoters, respectively. Run-
off transcription of second generation hRzs from XbaI linear-
ized pCDNA3 yields hRz-containing RNAs with 15 and 1
nucleotides (nts) of vector sequence at the 5' and 3' ends, re-
spectively. Runoff transcription from XbaI linearized pCDNA3
vector leads to an opsin cRNA (1838 nt) extending from the
proximal twenty-first nt in the 5'-untranslated leader sequence,
through the complete coding region, and through a long 3'
untranslated sequence; the size of this opsin cRNA includes
72 and 20 nts of vector sequence at the 5' and 3' ends, respec-
tively. This opsin cRNA is a model for the most abundant in
vivo transcript (about 1.8 kB) that terminates after the first
polyadenylation signal [46]. ODN-directed mutagenesis [47]
of WT human rod opsin cDNA generated the V230V silent
opsin mutation [48]. This construct silently changes the V230
codon from the hRz cleavable GUC‘ to a noncleavable GUG
and allows tests of cleavage site specificity. Truncated (450
bp) WT and V230V cDNA fragments embracing the V230
codon were cloned in the sense direction into pBluescript-II-
KS downstream from the T7 promoter. The same WT trun-
cated (450 bp fragment) cDNA was cloned into pBlueScriptII-
SK in an antisense orientation relative to the T7 promoter.
The expression plasmid for second generation (second gen-
eration) hRz, Rz2A, was prepared by ODN-directed mutagen-
esis [47] of first generation hRz cDNA in pCDNA3 yielding a
unique XhoI site in the StemII/loop (Figure 1). Rz2B was gen-
erated from plasmid Rz2A by XhoI fill-in, and resulted in an
extension of hRz StemII from four bp (Rz2A) to six bp [49]
(Figure 1).

In vitro transcription of ribozymes and opsin cDNAs:
Opsin and hRz plasmids were downstream linearized with
XbaI while truncated opsin target pBlueScript vectors were
linearized with HindIII. Templates were phenol-chloroform
extracted, and ethanol precipitated. Runoff transcription in vitro
was performed using T7 RNA polymerase according to
Ambion’s recommendations (opsin templates: MegaScript;
hRz templates: MegaShortScript) with 1 µg of linear template
and 7.5 mM of each NTP [50]. Following DNase I digestion
of template, RNA was phenol-chloroform extracted, ethanol
precipitated, resuspended in RNase-free water, and quantified
by spectrophotometry (Beckman DU-640). First generation
hRz and opsin mRNAs were transcribed from pSP64pA using
SP6 RNA polymerase with opsin mRNA internally labeled
with α-32P-UTP.

In vitro ribozyme cleavage assays:  Varied molar ratios
of target opsin mRNA ([Substrate]=[S]) to hRz RNA
([Enzyme]=[E]) were mixed in a total volume of 5-20 µl of
50 mM Tris-HCl (pH 8.0) [51,52]. E and S were preannealed
by simultaneous heat denaturation for 5 s at 95 °C and slowly
equilibrated to 37 °C to resolve RNA aggregates and promote
E:S annealing [52,53]. Cleavage was initiated by MgCl

2
 addi-

tion to a final concentration of 10 mM or 20 mM, plus 1 mM
Na

2
EDTA, and allowed to proceed at 37 °C or 50 °C. Reac-

tions were quenched on ice with denaturing urea/EDTA buffer
(8 M urea, 50 mM Na

2
EDTA, 7.5% (v/v) glycerol, and 0.05%

(w/v) bromphenol blue). Products were heated (2 min, 95 °C)
before loading and electrophoresed on 4% denaturing
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polyacrylamide:urea (8.3 M) gels at constant wattage (tem-
perature: 55-60 °C). Gels used to analyze first generation hRz
cleavage reactions were dried and autoradiographed (KODAK
XOMAT film; Eastman Kodak, Rochester, NY). Gels from
second generation hRz cleavage assays were stained for 15
min with SYBR Gold (detection sensitivity about 40 pg/band;
1:10,000 dilution in 1X TBE buffer). Fluorescence was ex-
cited at 300 nm and emission photographed through a Wratten
15 filter (longpass > 510 nm) on a gel documentation system
(MP-ST, FOTODyne, Hartland, WI).

hRz cleavage reactions were also conducted during in vitro
transcription. Linearized E and S plasmids were mixed to de-
fine true template molar ratios and transcription (T7-
MegaScript) occurred for 1 h at 37 °C. In this paradigm both
E and S RNAs are concurrently synthesized to participate in
hRz cleavage reactions. Products were either phenol-chloro-
form extracted and ethanol precipitated prior to mixing with
gel loading buffer or quenched after synthesis with ice-cold
gel loading buffer, then heat pulsed and electrophoresed as
above on 4% polyacrylamide-urea gels. During transcription/
cleavage reactions total Mg2+ concentration is between 20-30

mM [50] (typically about 30 mM) as optimized by Ambion to
maximize RNA yield for each lot of MegaScript.

HEK293S cell transfection and opsin immunocytochem-
istry:  HEK293S cells [54] grown in 10 cm or 6 well dishes
were transfected (calcium phosphate or Lipofectamine Plus,
Life Technologies, Rockville, MD) with pCDNA3 plasmids
(10 or 2 µg supercoiled plasmid/dish or well, respectively)
containing either no insert or native WT or V230V-WT hu-
man opsin cDNAs [48]. Transfected cells were plated on cov-
erslips and processed for rod opsin immunocytochemistry with
a COOH-terminal antibody [48].

RESULTS
First and second generation hammerhead ribozyme designs:
Efficient hRz cleavage of an mRNA requires accessible re-
gions that permit rapid annealing. A full length human rod
opsin mRNA was folded by energy minimization to obtain an
estimate of its secondary structural complexity (Figure 2). Few
freely accessible regions are apparent. Cleavage sites were
sought in single stranded loops capping very stable stems, such
that the probability of occurrence of the loop would be high.
Similar approaches have been used to identify accessible cleav-
age sites in large folded mRNAs, which resulted in active hRzs
in vivo[28,36,40,55-64]. A hRz GUC‘ cleavage site (785 nt)
was identified in an 8 nt single-stranded loop that caps the
most stable stem structure in folded mRNA. This GUC triplet
codes for Val-230 (V230) and the sequence around this codon
does not harbor known opsin adRP mutations. This appeared
to be a suitable target for a KD hRz design with broad candi-
date therapeutic potential.

First generation anti-V230 hRzs were designed around
the hRz catalytic consensus core (Figure 1). Relatively long
AS flanks (Stem I, 11 nt 5'; Stem III, 12 nt 3') are intended to
hybridize to the region around the V230 codon. The total AS
flank length (23 nt) has sufficient informational content to
specifically recognize rod opsin mRNA among the plethora
of mRNAs that are expressed in rod photoreceptors, and the
capacity to intrusion anneal into the stable stem structure.
BLASTN analysis of the hRz AS sequence against human
sequences (with gaps) found only one complete match with
human rod opsin mRNA and one nearly complete match with
rod opsin pre-mRNA. Partial match clones (up to 16/24 nt)
are not specifically expressed in photoreceptors. hRzs target-
ing V230 GUC‘ in rod opsin mRNA are unlikely to cleave
other cellular mRNAs. First generation hRzs did not cleave
1.8 kB WT opsin mRNA by a variety of measures (gel analy-
sis with ethidium, trace-internal, high-specificity end radio-
active labeling, or Northern analysis) (data not shown). hRz
misfolding can cause catalytic failure [65,66]. hRz RNA struc-
ture analysis showed a potential misfolded conformer in first
generation hRzs (Figure 3). The correctly folded hRz (I) has a
free energy (∆G) of -1.5 kCal/mol relative to random coil. In
the misfolded conformer (II) the 3’ AS flank folds into the
Stem II/loop to obviate the active enzyme conformation. II
has a ∆G (-3.8 kCal/mol) that is more stable (more negative
∆G) than (I), the active hRz structure, by -2.3 kCal/mol. Equi-
librium thermodynamics (∆G=-RT ln(K

eq
)) predicts a marked
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Figure 1. Design of first and second generation anti-V230 KD hRzs.
The catalytic consensus core of the hRz is embraced by the AS flanks
(5': 11 nt; 3': 12 nt) to create the first generation anti-V230 hRz. The
AS flanks base pair with the opsin mRNA to form Stems I and III.
The GUC‘ cleavage site is shown (red box). The folding energy of
the active conformation (shown) of the first generation hRz is shown.
The AS flanks of the first generation hRz were maintained in second
generation hRzs (Rz2A and Rz2B). To create Rz2A two nucleotides
in the Stem II tetraloop that were predicted to cause first generation
hRz misfolding and inactivity were replaced (arrows) to generate a
unique XhoI site for the hRz plasmid (pCDNA3). Rz2A has four
base pairs in Stem II and the expected conformation was the most
stable structure (∆G=-1.5 kCal/mol) relative to random coil. To cre-
ate Rz2B the XhoI site was restricted, filled-in and religated to ex-
tend Stem II (inset) from four to six base pairs. ∆G of folding of
Rz2B is -4.7 kCal/mol or -3.2 kCal/mol more stabile than Rz2A.
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shift from functional (about 8%) toward misfolded (92%) hRz
conformations at 37 °C. This provided a testable hypothesis
for first generation failure.

Second generation hRzs were designed to correct
misfolding (Rz2A) and stabilize catalytic domain structure
(Rz2B) (Figure 1, inset). The AS flanks of the first generation
design were maintained. The two nt in the Stem II tetraloop
that bond with the 3' AS flank (Figure 1 and Figure 3) were
mutated to prevent misfolding and generate a unique XhoI
site for the entire hRz plasmid (in pCDNA3). Nucleotides
subserving Stem II and its tetraloop are not highly conserved
and can be changed without major effects on catalytic activity
[1,45,52,67]. In Rz2A the desired hRz structure is most stable
with a ∆G equal to -1.5 kCal/mol relative to the random coil.
To further stabilize hRz catalytic structure the unique XhoI
site was restricted, filled-in and religated to extend Stem II
from four to six base pairs in Rz2B (-4.7 kCal/mol). Rz2B is
stabilized by -3.2 kCal/mol over Rz2A, which creates a strong
thermodynamic bias for hRz folding into an enzymatically-
active structure.

Cleavage of expression-competent WT and C187Y mRNAs
by second generation V230 ribozymes:  Second generation
hRzs and opsin mRNA were mixed in a 6:1 molar ratio in 50
mM Tris-HCl (pH 8.0), pre-annealed by brief heating and then
slow cooling to 37 °C, before cleavage was initiated by 10

mM MgCl
2
. “Single-turnover” reaction kinetics prevail ([E] >

[S]), where target cleavage is rate limiting (k
cleave

) over an-
nealing or product (P) dissociation rates. Cleavage of long
expression-competent WT or mutant rod opsin mRNAs were
analyzed and hRz and Mg2+ dependent cleavage were evident
(data not shown). Incubations as short as 5-30 min at 37 °C
lead to appearance of a clearly detectable 782 nt cleavage prod-
uct and faint detection of a larger 1056 nt product which over-
lapped with nonspecific thermochemical degradation products.
Increasing reaction time promoted increased conversion of S
to cleavage Ps with the maximal extent of product formation
at about 20% after 7 h. Most cleavage products are generated
in the first 2 h consistent with a burst of cleavage from pre-
annealed S molecules [3]. Assuming that all of the [S] (1 µM)
is bound to [E] at a 6:1 [E]:[S] molar ratio, we estimate the
specific Rz2B k

cleave
 rate to be between 0.001 and 0.005/min.

This is several-fold lower than the activity (1/min) of hRzs
acting on small targets (ERROR[Basic syntax error]
in:<5ERROR[Basic syntax error] in:0 nt) with less secondary
structure, but several-fold higher than estimated nonspecific
thermochemical rate (about 0.00131/min at 37 °C [3]). The
rate estimated is of the same order of magnitude as other hRzs
acting against long folded mRNAs [32,68-70].

Can the hRz cleavage products be identified when both
the high temperatures needed to promote denaturation and an-
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Figure 2. Most stable full length human rod opsin mRNA secondary structure.  Full length human rod opsin mRNA from nt 1 (start of
transcription) and extending 311 nt beyond the first polyadenylation signal (total 1821 nt length) [46] was subjected to secondary structure
folding (RNAFOLD, GCG algorithm) and displayed with SQUIGGLES (GCG). A: The most stable secondary structure with the lowest free
energy (∆G=-587.9 kCal/mol) is shown without attempting to rotate regions of overlap. Over 90% of the mRNA is hybridized. Part of the
predicted stable stem-loop structure that embraces the V230 codon and the target-annealing region of anti-V230 KD hRzs is annotated by
sequence. The cleavage target (GUC‘) is in bold and the arrow (red) shows the location of the phosphodiester bond broken by anti-V230 hRzs.
The adRP C187Y mutation (site not targeted) is shown for reference and is buried in a stem structure. B: Magnification of the stem-loop
embracing the V230 codon (GUC‘) shows the sequence that hybridizes to the AS flanks of the first/second generation KD hRzs.
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nealing, and the long incubation times are avoided? Condi-
tions were designed to simulate a gene therapy where the hRz
RNA would be transcribed from a transgene in photorecep-
tors (e.g., driven by a rod opsin promoter fragment) at the
same time as native opsin mRNA. Linearized opsin and hRz
plasmids were mixed to simultaneously transcribe (T7 RNA
polymerase) both the S (opsin mRNAs) and E (Rz2A, Rz2B)
RNAs in vitro at 37 °C for 1 h. At 37 °C, hRz and S RNAs are
transcribed, fold into preferred conformations and participate
in cleavage reactions. This avoids RNA aggregates and im-
properly folded states formed on freezing [52,53], and the high
temperatures needed to disperse RNAs and promote anneal-
ing that also cause thermochemical RNA breakdown. Figure
4 shows representative results from experiments in which ei-
ther WT or C187Y opsin mRNA were expressed either alone
or simultaneously with one of two second generation hRzs.
Rz2A and the more stabilized Rz2B both successfully cleave
full length WT and C187Y mRNAs (S) leading to formation
of two cleavage Ps of expected size (5': 782 nt and 3': 1056
nt). In fact, both cleavage Ps are identified with low back-
ground by SYBR gold probing. The gel is loaded to observe
product bands and the S band is broad. Rz2A and Rz2B result
in a significant percentage (about 10%) of cleavage products
from WT and C187Y mRNAs, so the rate of cleavage was not
measurably different. This indicates that the cleavage site in
both mRNAs is similarly accessible during transcription and
the 1 h incubation at 37 °C. Synthesis of S mRNAs without

hRz does not result in cleavage products. The actual cDNA
template molar ratio ([S]:[E]) is 6:1 under conditions opti-
mized for transcription initiation of long versus short (e.g.,
hRzs) templates [50] (T7-MEGAScript kit, Ambion). This is
expected to result in S RNA excess and conditions consistent
with multiple-turnover kinetics (Michaelis-Menten). Second
generation anti-V230 hRzs have catalytic activity under con-
ditions simulating in vivo hRz expression by a rod promoter
fragment in a gene therapy.

Cleavage site specificity and the effects of alternatively
folded truncated substrate:  In vitro cleavage rates of long
structured mRNAs (e.g., full length opsin mRNA) are typi-
cally one to two orders of magnitude lower than for small
“model” S RNAs (about 20 nt) with minimal to no secondary
structure (about 1/min for k

cleave
 under [E] excess [32,71]). To

further explore second generation anti-V230 hRz cleavage
specificity the S template was reduced to a 450 bp opsin cDNA
fragment asymmetrically embracing the V230 GUC` site. In
vitro transcription yields a 510 nt long RNA S due to added
vector sequences. Rz2A and Rz2B attacked the 510 nt S (S)
under single turnover conditions (preannealed, [E]:[S]=6:1)
initiated by Mg2+ (20 mM) at 37 °C or 50 °C for 1 h. Cleavage
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Figure 3. Predicted misfolding of first generation anti-V230 hRz.  In
the misfolded conformer (II) the 3' AS flank folds anomalously into
the StemII/loop domain obviating the formation of an enzymatic struc-
ture. The AS flanks are shown in black and the core consensus en-
zyme in bold blue. The free energies of the misfolded and desired
hRz conformations are shown. Thermodynamic equations describ-
ing the relationship between ∆G and the equilibrium constant are
shown for each conformation. The ratio of the equilibrium constants
indicates that the desired enzymatically active conformation is a small
fraction of all hRz RNA.

Figure 4. Second generation hRzs Cleave long WT and C187Y opsin
mRNAs during co-synthesis/cleavage.  Linearized plasmid templates
containing opsin or hRz cDNAs downstream of the T7 promoter were
mixed in a cDNA template molar ratio of 1:6 ([E]:[S]) and in vitro
co-transcription/ cleavage reactions were conducted for 1 h at 37 °C.
The reactivities of anti-V230 Rz2A and Rz2B on both WT and C187Y
full length mRNAs (S) are shown. Cleavage products (Ps) of ex-
pected sizes (P

1
=782 nt and P

2
=1056 nt) were generated with each

hRz reacting with each mRNA target. C187Y and WT mRNAs cut
with Rz2A are in lanes 1 and 2, respectively, and the same targets cut
with Rz2B are in lanes 3 and 4. C187Y and WT synthesized without
hRz plasmid are in lanes 5 and 6, respectively. Lane 7 is an RNA
ladder. hRz RNAs (Rz2A 55 nt, Rz2B 61 nt) are not seen in this gel
image. The 1.2 kB band seen on all lanes (except 5) is nonspecific
and may reflect an incomplete transcript generated by T7 RNA poly-
merase stalling.
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leads to products of expected size of 198 nt (5') and 312 nt (3')
(Figure 5A). Surprisingly, little cleavage occurred at 37 °C in
comparison to extensive conversion at 50 °C (about 50%).

Reaction temperatures of 50 °C were necessary to gener-
ate significant quantities of cleavage products yet the primary
sequence of the 510 nt S RNA is more simplified than full
length mRNA. While RNA folding algorithms predict that the
secondary structure around the V230 stem-loop was stable,
experimental results suggest that the shorter S folds into a sec-
ondary/tertiary structure(s) at 37 °C with the V230 GUC‘ not
as accessible to second generation hRz annealing when com-
pared to the full length opsin mRNA S. Or, the cleavage site
in the truncated S is less accessible due to aggregates formed
during frozen storage of RNA [52,53]. RNAFOLD analysis
of the 510 nt S found a (stable) stem-loop secondary structure
around V230 identical to that in the full length mRNA (data
not shown). The bands of lower electrophoretic mobility than
the truncated S in lanes that contain hRzs may reflect hRz:S
complexes that are stable to denaturing gel conditions. Sig-
nificant amounts of cleavage products of expected size resulted
when short S was co-transcribed with second generation hRz
at 37 °C (Figure 5B). This suggests that the 510 nt S forms
aggregates or tertiary structures during storage that are differ-
ent from full length mRNA. When AS short S was transcribed
with the hRz no cleavage products were found (Figure 5B).
Note that the S fluorescence is considerably greater than the
hRz band consistent with expectations from the molar tem-
plate ratios and the transcription conditions that favor a larger
transcript. These outcomes provide strong evidence that the
198 nt (5’) and 312 nt (3') cleavage products result from cleav-
age after the V230 GUC‘ codon.

Formamide promotes cleavage of truncated substrate at
37 °C:  To encourage annealing of hRzs to the truncated S at
37 °C we added formamide to the cleavage reactions. Short S
and hRz were previously synthesized and stored at -80 °C.
Formamide enhances efficiency of hRz cleavage of long na-
tive mRNAs [72] because it decreases the melting tempera-
ture of hybridized stems in a concentration-dependent man-
ner. Increasing concentrations of deionized formamide (0-20%
v/v) at 37 °C promoted Rz2B cleavage of the truncated S into
products of anticipated size (molar ratio [E]:[S] 6:1, 1 h reac-
tion) (Figure 6). Both Mg2+ and hRz were required for cleav-
age. At 20% formamide approximately 40% of S is cleaved
into products over a 1 h period suggesting a cleavage rate of
approximately 0.008/min, a several-fold improvement over
estimated rates for the full length S at 37 °C without formamide.
Recall the shift of uncleaved S to lower mobility bands in
samples with hRz (Figure 5A). The electrophoretic shift may
reflect conformational transitions in the S upon hRz anneal-
ing [73], or stable adducts of the hRz to cleavage products,
since it disappears with increasing formamide. Increased cleav-
age efficacy may relate to formamide promoting resolution of
aggregated S states, more rapid hRz annealing to its target
region due to greater accessibility, and more rapid product
release and E turnover.

Increased cleavage with greater concentrations of enzyme:
Cleavage reactions with Rz2B were conducted with increas-
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Figure 5. Site specific cleavage of a truncated target affects of alter-
native substrate structure.  A: anti-V230 hRzs (Rz2A and Rz2B) were
tested against a truncated WT opsin mRNA containing 450 nt of the
full length mRNA assymetrically embracing the V230 GUC‘ cleav-
age site. The truncated S is 510 nt long due to vector sequences read
during in vitro transcription. Cleavage at V230 GUC‘ is predicted to
yield products P

1
 (5’=198 nt) and P

2
 (3'=312 nt). Rz2A and Rz2B

were reacted with truncated WT S at 37 °C and 50 °C. The E:S ratio
was 6:1 (S at 650 nM). Lane 1 is an RNA ladder. Lane 2 is open.
Lane 3 and 4 are short WT S at 37 °C and 50 °C, respectively but
without hRz and Mg2+. Lanes 5 and 6 are short WT S with Rz2A and
Mg2+ at 37 °C and 50 °C, respectively. Lanes 7 and 8 are short WT S
with Rz2B, 50 °C and 37 °C, respectively but without Mg2+. Lanes 9
and 10 are WT-short with Rz2B and 50 °C and 37 °C, respectively,
with Mg2+. B: Short WT and short opsin AS constructs were tran-
scribed (in duplicate) with Rz2B ([E]:[S] template ratio 1:6) for 1 h
at 37 °C. The label in the header indicates the S used and the lanes
with ladders.
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ing [E]:[S] ratio while holding truncated [S] (570 nM) and
formamide (20% v/v) constant. Increasing [E]:[S] enhances
cleavage such that by 50-100:1 ratio about 50% of S is con-
verted to product (Figure 7). This suggests that the second-
order annealing reaction is rate limiting to cleavage of the trun-
cated S. Cleavage of 1.8 kB mRNAs without formamide at 37
°C saturated when [E]:[S] ([S]=650 nM) was between 25-50:1
(data not shown). In side-by-side comparisons Stem-II stabi-
lized Rz2B performed slightly better than Rz2A against trun-
cated S (37 °C, 20% v/v formamide).

Rz2B fails to cleave a mutated (GUC‘->GUG) truncated
substrate at high molar ratios:  A proof of site-specific ca-
talysis by second generation anti-V230 hRzs at the predicted
GUC‘ of the V230 codon can be obtained from S mutated at
the cleavage site. The V230 codon GUC‘ was silently mu-
tated to GUG, which is not cleaved by the hRz catalytic con-
sensus because the 3’ G nt makes an inactivating hydrogen
bond with the catalytic core [74]. Increasing concentrations
of Rz2B were reacted with truncated S containing a V230 GUG
codon (Figure 8). There is no evidence for cleavage products
(198 and 310 nt) (broken arrows) even at [E]:[S] molar ratios
of 100:1. We conclude that second generation hRzs cleave
precisely at the intended V230 GUC‘ site.

Long expression-competent V230V (GUG) and native
WT (V230 GUC) opsin expression plasmids were transfected

into HEK293S cells and after two days immunocytochemis-
try showed that opsin protein was equivalently expressed by
both constructs and mostly trafficked to the plasma membrane
(data not shown). Since the mRNA for the V230V human rod
opsin is not cleaved by second generation hRzs, this construct
could be used to reconstitute WT opsin expression in gene
therapy protocols employing an anti-V230 KD hRz.

DISCUSSION
KD hRzs cleave long expression-competent human rod opsin
mRNAs:  These experiments report the first direct proof-of-
principle demonstration that small catalytic KD hRzs can be
used in vitro to site-specifically cleave functional expression-
competent WT and mutant human opsin cRNA targets (1.8
kB) that code for full length protein in live human cells in the
context of a gene therapy strategy for adRP. This cRNA target
contains an equivalent length 5' untranslated region (92 ver-
sus 95 nt) with 21 nt of proximal 5' UT opsin sequence, the
complete coding region, and a full 3' untranslated region ex-
tending beyond the first polyadenylation signal [46]. This hu-
man rod opsin cRNA experimentally simulates the real hu-
man mRNA targets that would occur in vivo during ribozyme
gene therapy trials for opsin adRP. A major challenge in de-
velopment of KD hRzs is to identify those few cleavage sites
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Figure 6. Formamide promotes cleavage of truncated WT substrate
at 37 °C.  Formamide was added to the cleavage reactions to chaper-
one annealing and reactivity of second generation anti-V230 hRzs
with the WT-truncated S. Formamide enhances hRz cleavage of long
native mRNAs [72] by decreasing the melting temperature of hy-
bridized stems in a concentration dependent manner. The panel shows
cleavage of the WT truncated S by preannealed Rz2B at 37 °C ([E]:[S]
6:1, S at 650 nM) for 1 h with increasing concentrations of deionized
formamide (0-20% v/v), lanes 1 through 4. Lane 5 is the control
short S without Rz2B at 0% formamide. Lane 6 is the short S with
Rz2B but without Mg2+ at 40:1 E:S ratio and without formamide.
Lane 7 is Rz2B RNA alone. Lane 8 and 10 are open. Lane 9 is the
short S alone. Lane 11 is the RNA ladder.

Figure 7. Increased cleavage with greater enzyme concentrations.
Cleavage reactions were conducted with increasing [E]:[S] ratio (trun-
cated [S] constant at 650 nM) over a 1 h period at 37 °C in the pres-
ence of 20%(v/v) formamide. As the Rz2B concentration increases
(lanes 1-4) greater quantities of cleavage products (P1, P2) form such
that by 100:1 ratio approximately 40% of S RNA is converted to
products. Lane 1 is Rz2B:Short 6:1, Lane 2 is Rz2B:Short 25:1, Lane
3 is Rz2B:Short 50:1, Lane 4 is Rz2B:Short 100:1. Lane 5 has Short
S without Rz2B in 20% formamide. Note the doublet S bands that
appear in the presence of hRz.
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in the mRNA that are accessible to rapid hRz annealing and
not impeded by secondary or tertiary structure [27-40]. hRzs
recognize sequence triplets of the form NUH‘ (N=G,C,U,A;
H=C,U,A) where the ‘ marks the scission phosphodiester bond.
The first cleavage site targeted was a GUC‘ motif (Valine-230
codon) that resides in a predicted single-stranded loop at the
end of a stable stem. We reasoned that this loop would offer a
sterically accessible docking site to seed hRz AS annealing.
We empirically demonstrate that the V230 GUC‘ site is ac-
cessible to hRz cleavage in long expression-competent WT
and mutant C187Y mRNAs, both during and after transcrip-
tion. The C187Y mutation causes opsin misfolding and pro-
motes a severe, early onset, and rapidly progressive form of
adRP [41,75]. The V230 GUC‘ cleavage motif is not affected
by any known adRP rod opsin mutations such that the KD
hRzs developed in this work should be equivalently effective
to cleave all currently known adRP-causing opsin mRNAs.

Second generation KD hRzs cleaved functional human
opsin mRNAs to yield products of expected size with up to
20% target conversion with the hRz in excess. Products of
expected sizes also occurred with truncated WT cRNA. This

suggested site-specific cleavage after the V230 GUC‘ codon,
which was proven when second generation hRzs failed to
cleave a truncated target containing a noncleavable V230 GUG
codon, or an AS RNA derived from the same fragment of WT
cDNA. V230 GUC‘ is accessible in full length opsin mRNA
at 37 °C in vitro during transcription and cRNA accumula-
tion, conditions that simulate transcription and long-lived cy-
toplasmic accumulation in vivo [76,77].

Alternative structures of the target RNA and ribozyme
impact cleavage efficacy

Substrate Structure: At 37 °C the V230 GUC‘ cleavage
site is less accessible in the frozen-stored truncated target (510
nt) versus the long expression-competent mRNA (1838 nt).
The truncated substrate is cleaved more efficiently at 50 °C
than at 37 °C. Higher temperatures or formamide (37 °C) are
necessary to expose the V230 GUC‘ cleavage motif for reac-
tion with second generation hRzs in frozen-stored truncated
WT target. Formamide decreases the melting temperature of
RNA secondary/tertiary structures in a concentration-depen-
dent manner and stimulates hRz reactivity against native
mRNAs [72]. This mimics the chaperoning effects of ribo-
nucleoproteins on ribozyme activity [78]. Clear differences in
accessibility to hRz cleavage at the V230 cleavage site occur
in experiments with frozen-stored full length versus truncated
targets. However, the WT truncated target cleaves the V230
site at 37 °C in co-transcription/cleavage reactions. This sug-
gests that decreased accessibility of V230 GUC‘ in the fro-
zen-stored versus freshly synthesized truncated WT target is
caused by frozen storage. Other studies suggest that frozen
storage of RNA solutions can lead to RNA aggregates that
impair ribozyme cleavage reactions [51,52]. Even gel purifi-
cation can result in functional changes in RNA structure [53].
We hypothesize that alternative RNA structure(s) around the
V230 cleavage site in truncated versus long functional WT
mRNA explain the differential accessibility to hRz cleavage.

Conformational complexity and dynamics of native-length
mRNAs are vast. Predicted secondary structures of full length
mRNA (Figure 1) are a snapshot of the conformational land-
scape available to any mRNA [79]. Regional accessibility of
mRNA fluctuates dynamically in vitro and in vivo and few
environments, on average, will have sufficient lifetime to al-
low significant hRz cleavage to impact upon gene expression.
Moreover, mRNA has extensive interactions with proteins in
cells that shape local structure and dynamics [80]. Extensive
evidence from AS and Rz studies indicates that few potential
target sites are sterically or energetically accessible to the rate
limiting annealing step in native mRNAs [27-40]. We expect
that most of the 236 potential NUH‘ cleavage sites in full length
human rod opsin mRNA will not be sufficiently accessible to
support robust KD hRz cleavage in vitro or in vivo. Process-
ing streams, cellular compartments, and natural mRNA target
lifetimes add constraints that further limit Rz efficacy in cells.
We employ a Rational hRz design strategy that starts with pre-
dictors of conformational accessibility. hRzs targeting candi-
date sites are tested empirically both in vitro, as done here,
and in human cells expressing the human target mRNA and
protein, where high throughput evaluation of candidates is
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Figure 8. Rz2B fails to cleave a tempered (GUC‘->GUG, V230V)
substrate.  The V230 codon GUC‘ was silently mutagenized to GUG
(V230V), which continues to code for valine but GUG is not cleaved
by a hRz. The change was engineered into the truncated V230V op-
sin S mRNA (510 nt) and cleavage reactions were conducted at a [S]
concentration of 556 nM in 20% v/v formamide. Increasing the mo-
lar ratio of Rz2B:[V230V GUG S] does not promote S cleavage over
1 h at 37 °C. Lanes 1-6 show [E]:[S] ratios at 1:1, 6:1, 10:1, 25:1,
50:1, and 100:1. The [E]:[S] ratio is shown in the header. Lane 7 is a
cleavage reaction without Rz2B, and Lane 9 is an RNA ladder. The
position of the broken arrows indicates the expected location of the
products (198 nt, 310 nt) if Rz2B cleavage had occurred at the V230
site. The background degradation represents nonspecific thermo-
chemical cleavage or incomplete transcription products. If cleavage
products had occurred they would have appeared in the low back-
ground regions found in each lane and would have been easy to rec-
ognize, especially since the same reaction conditions support approxi-
mately 50% cleavage of WT truncated S.
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feasible. Energy-based accessibility predictors, combined with
empirical testing in vitro, have lead to hRz or AS designs that
impacted target gene expression in vivo [28,36,55-64,79].

Enzyme structure: First generation anti-V230 hRzs failed
to cleave opsin mRNA. Correction of a putative misfolded
conformation, by mutations at nonconserved nucleotides in
the hRz core, lead to second generation hRzs that success-
fully cleaved both WT and C187Y opsin mRNAs at the V230
GUC‘ codon at 37 °C. This proved that this hRz must fold
correctly for catalysis [65]. Limited extension of Stem II bi-
ases the energetics of hRz folding to insure structural stability
supportive of catalysis. The conditions of second generation
hRz cleavage in this study demonstrated significant conver-
sion of S to products (Ps) but not beyond 50% under condi-
tions of up to 100-fold molar E excess for the truncated S and
not beyond 20% for full length S, regardless of E or S excess.
Lack of complete cleavage reflects S and E features. The ac-
cessibility around V230 GUC‘ plays a role in how well the
site can be targeted. The single-stranded loop that contains
the targeted GUC‘ cleavage moiety is only 8 nt long (Figure
1B). This leaves only 7 nt for the proximate AS flanks of sec-
ond generation anti-V230 hRzs to form an initial hybridiza-
tion seeding complex with the mRNA. The remainder of each
AS flank would encounter asymmetric energy barriers to in-
trusion anneal into hybridized stem structure [remainders: 5’
flank (Stem I), 9 nt; 3' flank (Stem III), 7 nt] (Figure 1). The
AS flank lengths (12 nt and 11 nt) were engineered, in part, to
drive hybridization into the stable stem structure. However,
this occurs with a price. Once fully and properly annealed the
second generation hRzs cleave opsin mRNA, but product dis-
sociation rates at 37 °C appear slow and these likely limit ro-
bust turnover. The incomplete cleavage of mRNA in vitro is
likely due to limited accessibility of the entire docking do-
main to rapid hRz:mRNA complex formation, energetic bar-
riers to complete annealing, and limited product dissociation
rates. These constraints also play a major role in the often sub
quantitative cleavage efficiency of full length mRNA targets
both in vitro and in vivo and the typical requirement of high
[E]:[S] ratios to drive cleavage to its maximal extent. The hRz
annealing reaction should achieve a rapid equilibrium prior to
chemical cleavage (maximum about 1/min) to improve cata-
lytic turnover (S>E) and insure site-specific cleavage [2,71].
Next generation KD hRz designs targeting V230 GUC‘ have
shortened AS flanks to both decrease the energetic barriers to
full annealing and improve product dissociation rates at 37 °C
[71].

Major advantages and disadvantages of a KD ribozyme
strategy:  The KD strategy is designed to cleave both mutant
and WT mRNAs. KD takes the approach used in anti-viral Rz
strategies, that the most efficacious Rz would target a cleav-
age site residing in a sterically accessible unhybridized single-
stranded loop or in a region of low hybridization energy [27-
40,55-64]. The challenge is to identify the best cleavage site
that is present in both mutant and WT mRNAs. Highly acces-
sible ribozyme cleavage sites occur with low probability in
mRNAs of average size [30-37]. A major advantage of KD is
that a single efficacious Rz, targeting a single highly acces-

sible cleavage site present in both the WT and mutant mRNAs,
could be used to treat all human autosomal dominant muta-
tions in a given arbitrary disease gene. This is not possible in
Mutation-Directed strategies (MSpe, MSel) because the mu-
tation independently obligates the region of each mutant
mRNA targeted. The KD strategy could lead to rapid identifi-
cation of candidate Rz therapeutics for a wide range of pa-
tients at considerably lower cost for development in compari-
son to the mutation directed strategies.

A potential downside of KD is the lack of preferred cleav-
age of mutant versus WT mRNA. WT and mutant proteins are
suppressed. The abundance of WT rhodopsin in rod photore-
ceptors and the established ranges of WT rod opsin suppres-
sion tolerated in human (≥50%), mouse (≥50%), and rat
(≥75%) rod photoreceptors were presented. Cells affected by
an autosomal dominant degeneration are likely to contain ap-
proximately 50% WT protein and 50% mutant. A successful
KD hRz will suppress WT and mutant protein further. The
regular KD strategy may be sufficient for a gene expressed to
such great abundance as opsin, provided that cell survival does
not depend upon an excess of WT over mutant protein. The
suppression of deleterious effects of mutant protein expres-
sion is likely to offset the loss of WT protein [81]. However, a
regular KD approach may not be protective and could be del-
eterious for an autosomal dominant disease gene expressed at
much lower abundance, or when cell survival requires WT
protein in excess of mutant [15]. A solution to this problem is
combined gene therapy. A KD ribozyme is expressed in com-
bination with a WT reconstitution gene, which is an allele
engineered to transcribe a tempered mRNA that cannot be
cleaved by the KD ribozyme, yet reconstitutes WT opsin pro-
tein expression. This approach was first reported for domi-
nant hereditary diseases [23] and autosomal dominant retinal
degenerations [24,25], and more recently for other dominant
somatic diseases [26]. The “full length” opsin cDNA used here
expresses abundant mRNA and protein from the CMV pro-
moter in human cells [48]. We constructed a WT reconstitu-
tion cDNA (V230V) that is transcribed into a tempered mRNA
that is not cleaved by anti-V230 hRzs. We report here, for the
first time, that a reconstituting WT opsin cDNA (V230V) ex-
presses an mRNA in human cells that translates full length
WT opsin protein in vivo which was detected by a monoclonal
antibody recognizing a COOH-terminal epitope. This allelic
variant WT cDNA could be used to reconstitute WT opsin
protein in a combined KD gene therapy with an anti-V230
GUC` hRz.

After our work was submitted for publication we became
aware of another study [82] where four sites in the coding
region of rod opsin mRNA were targeted with hRzs. One of
those sites was the V230 GUC‘ cleavage site. Critically, in
this study the V230 hRz was not tested in isolation. Rather,
the V230 GUC‘ site was targeted, in part, by a multimeric
hRz with four hRzs in tandem linkage each targeting serial
sites in the opsin mRNA (Val61 GUC‘, Leu84 CUC‘, Leu95
CUC‘, Val230 GUC‘). We were unable to determine, from the
data presented (Figure 4F in [82]), how well the anti-V230
component of this ribozyme is functioning in vitro because of
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lack of independence of each hRz and a multiplicity of poten-
tial cleavage products that were not labeled. We folded the
tandem hRz (RzMM [82]) sequence with MFOLD (37 °C)
and found in all outputs (6/6) that the V230 hRz component
was at least partially misfolded, with either one or both AS
flanks trapped and the core enzyme sequences at least par-
tially hybridized, and therefore likely inactive.

In summary, we present evidence that the V230 GUC‘
site is accessible in a folded full length opsin mRNA and can
be cleaved by independently functional anti-V230 hRzs at rates
comparable to hRzs targeting sites in native length mRNAs.
These hRzs may be candidate gene therapy agents, if they sup-
press mutant opsin protein expression in human cells, as in
vitro cleavage may not obligate equivalent levels of intracel-
lular performance [83]. Experiments are in progress to iden-
tify regions of greater accessibility in full length human rod
opsin mRNA and to screen these and other hRzs in different
expression cassettes in high throughput cellular expression
systems.
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