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ABSTRACT

A circular trans-acting ribozyme designed to adopt the
motif of the hepatitis delta virus (HDV) trans-acting
ribozyme was produced. The circular form was
generated in vitro by splicing a modified group | intron
precursor RNA in which the relative order of the 5’ and
3’ splice sites, flanking the single HDV-like ribozyme
sequence-containing exon, is reversed. Trans-cleavage
activity of the circular HDV-like ribozyme was
comparable to linear permutations of HDV ribozymes
containing the same core sequence, and was shown
not to be due to linear contaminants in the circular
ribozyme preparation. In nuclear and cytoplasmic
extracts from Hela cells, the circular ribozyme had
enhanced resistance to nuclease degradation relative
to a linear form of the ribozyme, suggesting that
circularization may be a viable alternative to chemical
modification as a means of stabilizing ribozymes
against nuclease degradation.

INTRODUCTION

The genomic and antigenomic RNAs of hepatitis delta virus
contain RNA sequences that self-cleave in vitro in the presence
of Mg2* (1,2,3). The minimal sequences for rapid self-
cleavage, 1 nucleotide 5’ to the cleavage site and 84 nucleotides
3’ of the cleavage site (4,5), may assume a four-stem pseudo-
knotted structure that is unique to ribozymes from this virus
(5—8). This secondary structure is consistent with sequence
similarities and variations in the genomic and antigenomic
ribozymes (5,6) as well as experimental data from in vitro
mutagenesis (5,8—13), nuclease and chemical probing (6,12),
and chemical modification interference (14). Alternative models
have been considered by several groups for both the genomic
and antigenomic ribozyme sequences (3,10,12,14 —16) but these
have not yet been shown to be predictive for ribozyme design,
while the pseudoknot model has (8).

A short stem (stem I) containing 6 Watson—Crick basepairs
and a possible GU basepair adjacent to the cleavage site defines
a loop with a sequence that pairs with the 3’ end of the self-
cleaving domain (stem II). A trans-acting form of the ribozyme
is generated by separating the sequence between stem I and stem
II (7,8); the 5' side of stem I becomes the substrate and the
ribozyme sequences are essentially within the loop defined by
stem II (Fig 1A). Circularly permuted forms of trans-acting
ribozymes can be generated in which stem II is closed and the

transcription is initiated and terminated within stem IV (compare
Fig 1A and Fig 1 B) (8). These results suggested that it may
be possible to generate a covalently closed circular form of the
delta ribozyme which retains trans-cleavage activity.

For in vivo uses, small RNAs in the form of antisense
oligoribonucleotides (17), site-specific RNA-cleaving ribozymes
(18—23), or decoy structures (24) may be more effective if
stabilized against degradation by nucleases. A number of
approaches are being explored to extend the half-life of small
RNAs of these designs, including the use of chemically
synthesized oligonucleotides containing modified sugars (25—28)
or internucleotide linkages (29—32). For example, the
hammerhead ribozyme can be extensively modified to protect
it against degradation without loss of activity, providing key
residues remain ribose (25—28). Obviously, chemical
modification would not work with in vivo expressed RNA
sequences and there also may be a greater need for toxicity
evaluation with modified RNA than with natural RNA. Another
approach involves the addition of stabilizing sequences such as
stem and loop structures to the ends of the ribozyme (33) with
the expectation that such structures will make ends more resistant
to exonuclease attack. However, flanking sequences also can
influence ribozyme activity (4,34,35), and therefore embedding
the ribozyme within other sequences may prove counter-
productive in those cases where it leads to less active structures.
If the major route for small RNA degradation in vivo is
exonucleolytic, it is predicted that elimination of ends by
circularizing the RNA would increase the half-life of the RNA
since the rate limiting step in degradation would become
endonucleolytic cleavage of the RNA (36).

Using a group I permuted intron—exon (PIE) RNA sequence
in which the order of the splice sites has been reversed, it is
possible to catalyze the circularization of a variety of RNA exon
sequences (37, unpublished results). As reported here, a PIE
construct was used to generate a novel circular RNA sequence
designed to adopt the HDV ribozyme structural motif (Fig 1C).
We demonstrate that the circular ribozyme is active in trans, and
is stable in HeLa cell nuclear and cytoplasmic extracts.

MATERIALS AND METHODS
Enzymes and reagents

T7 RNA polymerase was purified from an over-expressing clone
provided by W.Studier (38). Sequenase (modified T7 DNA
polymerase) was purchased from US Biochemicals (Cleveland).
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Other enzymes, nucleotides, 32P-labeled nucleotides and
chemicals were purchased from commercial sources. Nuclear and
cytoplasmic extracts from HeLa cells (39) were provided by
P.Modrich.

Construction of the ribozyme PIE plasmid

The fused-exon sequence of pPR100 (37) was modified by
introducing two Nhel sites (40) into the sequence forming the
top of the anticodon stem of the tRNA derived exon, cutting this
DNA with Nhel to release most of the exon sequence and
religating the vector to generate a plasmid (pPR120) with a shorter
exon sequence, 5’ AAAATCGCTAGCGACTT, containing a
single Nhel site (underlined). Two synthetic oligodeoxyribo-
nucleotides (5'-CTAGGCGAAT GGCTTCGGCC AGCCTC-
CTCG CGGCCCGACC TGGG and 5'-CTAGCCCAGG
TCGGGCCGCG AGGAGGCTGG CCGAAGCCAT TCGC)
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Figure 1. Linear and circular HDV ribozymes. (A and B) Sequences and proposed
secondary structures of two linear HDV ribozymes (8), CDC200 and PDC7,
stem I interaction. The entire ribozyme sequence (boxed) is shown, and stems
I through IV are numbered according to the convention used with the self-splicing
form of the HDV ribozyme. (C) Sequence and proposed secondary structure of
the circular ribozyme, RC1, binding the substrate oligonucleotide. 5’ to 3’ is
counter clockwise for the circle.

were annealed and ligated into Nhel cut pPR120 DNA to
introduce an HDV ribozyme motif into the fused exon, generating
pRC1. Plasmids containing inserts of the proper orientation were
identified by restriction digestion and dideoxy sequencing (41)
of miniprep DNA. Plasmid DNA was purified from overnight
cultures by equilibrium density centrifugation in CsCl containing
ethidium bromide (42).

Ribozyme synthesis

Ribozymes CDC200 and PDC7 were prepared by in vitro
transcription of BamHI cut pCDC200 and pPDC7 DNA with
purified T7 RNA polymerase as described (37), and the RNA
was purified by electrophoresis on 8% polyacrylamide gels
containing 8 M urea. For labeled RNA, [o3?P]CTP was
included in the transcription mix at 1 uCi/ul. Ribozyme RC1 was
prepared by transcription of BamHI cut pRC1; after a two hour
incubation at 37°C, in which about 50% of the transcript had
spliced, the [Mg2*] was raised to 50 mM, an additional 0.2 mM
GTP was added and the reaction was incubated for an additional
30 min to increase the yield of spliced product to 60—80%. The
RNA was purified by gel electrophoresis under denaturing
conditions. Splicing conditions for the isolated PIE-ribozyme
precursor were: 40 mM Hepes (pH 7.5), 200 mM NaCl, 0.05
mM EDTA, 20 mM MgCl,, and 0.2 mM GTP at 37°C for 60
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Figure 2. (A) Construction of HDV ribozyme-PIE plasmid (pRC1). Thick lines
represent the divided and permuted intron sequences, thin lines the fused 5' and
3’ exons (E1 and E2), and the double lines represent the HDV ribozyme. Plasmid
pPR100 was described previously (37). pPR110 contains two Nhel sites in the
exon, pPR120 contains a shortened exon with one Nhel site and pRC1 contains
an HDV ribozyme sequence inserted as part of the exon (see text). (B) Splicing
pathway of a permuted intron exon—ribozyme sequence to produce the circular
ribozyme RC1. The splicing pathway is presumed to be the same group I
mechanism for the pRC1 precursor RNA as was demonstrated for the pPR100
precursor (37). The 5’ and 3’ splice sites are indicated; guanosine nucleotide attack
at the 5' splice site initiates a reaction that results in production of the circular exon.



min. For the nicking experiment, RNA in 50 mM NaHCO; (pH
9.0) and 1 mM EDTA was heated to 95°C for 3 min. The
products were separated by electrophoresis on an 8% and/or 12%
polyacrylamide gel containing 8M urea. The identity of the
circular HDV ribozyme RNA was confirmed by ribonuclease
T1 digestion and fingerprinting (43) of RNA labeled during
transcription with [a3?P]GTP (37).

Linear (randomly nicked) RC1 was prepared from circular
RC1. Twenty ug of RC1 was heated to 95°C for 5 min in 100
mM NaHCO;, 1 mM EDTA in 0.1 ml. The reaction was
cooled, 0.1 ml of formamide and tracking dyes was added and
the products fractionated on a 15% polyacrylamide gel containing
8 M urea. The linear (faster migrating band) and circular forms
were located by UV shadowing and recovered.

Substrates for trans cleavage reactions

Substrates for trans cleavage were 5’ end-labeled 13-mer (Fig
1), DHS1 (7), and end-labeled 8 mer substrate, DHS4 (7). Bot*
oligonucleotides were synthesized at US Biochemicais
(Cleveland). Products of the reaction with 13 mer (32P-
UUC>p) were analyzed by electrophoresis in 20%
polyacrylamide gels under denaturing conditions (7). Products
of the reactions with the 8 mer (?P-C>p) were analyzed by
TLC on PEI plates in 1 M LiCl (7).

Nuclear and cytoplasmic extracts

HeLa cell extracts were a gift from P.Modrich. The nuclear
extract (34 mg/ml) (39) was used as provided without further
treatment. The cytoplasmic extract was obtained as a frozen
ammonium sulfate precipitate which was resuspended in, and
dialyzed against, 25 mM Tris—HCI (pH 7.5), 100 mM KCl,
0.1 mM EDTA, 10% glycerol, 2 mM DTT, 0.1% isopropanol
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Figure 3. Splicing reaction of the PIE-RC1 precursor and identification of the
circular product. Lane 1, gel-purified uniformly-labeled precursor; lane 2,
precursor subjected to splicing conditions at 37°C for 60 min; lane 3, gel purified
circular RNA; lane 4, purified circle subjected to partial alkaline hydrolysis; lane
5, gel purified linear ribozyme CDC200; lane 6, purified CDC200 subjected to
partial hydrolysis. The products were fractionated by electrophoresis in a 15%
polyacrylamide gel containing 8 M urea and an autoradiogram of the gel is shown.
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saturated with PMSF (at room temperature). A precipitate that
formed during dialysis was removed by centrifugation. The
protein concentration of the cytoplasmic extract was estimated
by the dye-binding method (44).

RESULTS AND DISCUSSION
Splicing of PIE sequences to produce a circular ribozyme

We have previously shown that splicing of the PIE precursor,
PR100, generates a circular exon; evidence for the circle
consisted of: anomalous electrophoretic mobility in polyacryl-
amide gels under denaturing conditions, which is indicative of
a non-linear structure; a ribonuclease T1 fragment consistent with
the ligation product; and primer extension across the ligation
junction also consistent with the ligation product (37). A circular
form of the hepatitis delta virus (HDV) ribozyme was generated
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Figure 4. Trans cleavage by circular and linear HDV ribozymes. (A and B)
Cleavage of 5 * end-labeled substrate 13-mer (see Fig. 1) by ribozymes RCI,
CDC200, and PDC7 at 37°C in either Mg2* (A) or Ca?* (B). The reactions
contained 10 nM ribozyme, 200 nM unlabeled substrate, a trace amount (<0.5
nM) of 32P-labeled substrate, 40 mM Tris—HC] (pH 8.0), 1 mM EDTA, and
either 11 mM MgCl, or 11 mM CaCl,. The ribozyme and substrate were
preincubated separately at 37°C for 5 min prior to mixing; aliquots were removed
at the times indicated and mixed with an equal volume of formamide containing
50 mM EDTA and tracking dyes and fractionated on a 20% polyacrylamide gel
containing 7 M urea. (C) Quantitation of the data from (A) and (B) comparing
turnover in Mg?* (squares) and Ca?* (circles) for each of the ribozymes. The
ratio of moles of product generated per mole of ribozyme (P/E, calculated as
the fraction of substrate cleaved times the initial substrate concentration divided
by the concentration of ribozyme) is plotted verses time.



4256 Nucleic Acids Research, 1993, Vol. 21, No. 18

0.0 H

30 80 80 120
Time (min)

Figure 5. Cleavage activity of linear and circular forms of RC1. Closed circles;

40 oM RCI; closed squares, 40 nM nicked RC1; open triangles, 20 nM each

circle and linear RC1. Substrate (200 nM unlabeled and trace [32P]13-mer) and

ribozyme were incubated separately in 40 mM Tris—HCI (pH 8.0), 1 mM EDTA,

and 11 mM MgCl, at 37°C for 5 min and mixed to start the reaction. Aliquots
were removed and mixed with an equal volume of formamide containing 50 mM
ETDA to stop the reactions. Products were fractionated on 20% polyacrylamide
gels, bands located by autoradiography, excised and counted for Cherenkov
scintillation. P/E is as defined in the legend to Fig. 4. The lines shown are fit
to the steady state region of each reaction and have equations of y = 0.16 +
0.0059x, y = 0.55 + 0.0089x, y = 0.86 + 0.011x.

by in vitro splicing of an HDV ribozyme-containing PIE
precursor. To make this construct, the PR100 sequence-
containing plasmid (pPR100) (37) was modified by introducing
a shortened exon with a unique Nhel restriction site (pPR120,
Fig 2A), but the sequences involved in splice-site selection were
not altered. Synthetic duplex DNA containing a ribozyme
sequence, which was a composite of sequences from the genomic
and antigenomic ribozymes together with novel sequences
required to form a tetraloop on stem II and Nhel sticky ends in
stem IV, was inserted into the Nhel site (Fig 2A). RNA
transcribed from this plasmid (pRC1) splices in vitro to generate
three major products (Fig 3, lane 2). The predicted sizes of the
products together with comparison to earlier results (37) allowed
the identification of the fastest migrating product as a candidate
for the circular exon. RNA isolated from the candidate band was
treated with alkali to partially nick it; with this treatment, some
of the RNA displayed a discrete increase in mobility consistent
with conversion to a linear species (Fig. 3, lanes 3 & 4), thus
confirming a non-linear structure for the original form. A smear
of fragments below the faster migrating species is expected for
molecules which are nicked more than once. In comparison, a
linear form of the same HDV ribozyme (CDC200) (8) generated
a smear of fragments upon alkaline treatment (Fig 3, lanes 5 &
6). These data indicate that the fastest migrating band generated
in the splicing reaction was circular.

The circular RNA is a trans-active ribozyme

At 37°C in 10 mM Mg?*, the circular ribozyme, RC1, cleaved
a 5' end-labeled oligonucleotide to a similar extent as linear
ribozymes CDC200 and PDC?7 (8) that contained the same core
structure (Fig. 4A). An initial burst and slow turnover at 37°C
in Mg?* was observed with both the circular and linear forms
of the HDV ribozyme (Fig. 4C, dashed lines), and was consistent
with earlier results interpreted to indicate that the initial round
of cleavage was relatively fast, but there was a change in the
rate limiting step so that turnover is slow (8). However, the HDV
ribozyme is active with a variety of divalent cations, and in the
trans reaction with this substrate, substitution of Ca2* for Mg+
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Figure 6. Stability of CDC200 and RC1 to degradation in HeLa cell extracts.
(A) Cytoplasmic extract. (B) Nuclear extract. RC1 and CDC200, internally labeled
wiﬂl”P,wereincubawdat37°Cin50;dmacﬁmsoonminingSOmMTﬁs—HC1
(pH 7.5), 100 mM NaCl, 10 mM MgCl,, 5 ug of carrier tRNA, and either 0.9
mg/ml of cytoplasmic extract or 0.7 mg/ml of nuclear extract. 5 uL aliquots were
removed at the times indicated and were quenched with EDTA and formamide
and fractionated on a 15% polyacrylamide gel under denaturing conditions. Arrows
indicate the position of the intact ribozyme; the degradation products are bracketed.
The data was quantified by cutting out precursor and products from the gel and
measuring Cherenkov scintillation. The value for the half life (t,;) of each
ribozyme, given in the text, was obtained from t,, = 0.693/k (k is the first-
order rate constant estimated by fitting the data to F=c(1 —e X)), where F is the
fraction of RNA degraded, t is time, and c is the end point).

enhances turnover approximately 10-fold (Perrotta & Been,
unpublished results). In 10 mM Ca?* at 37°C with 10 nM
ribozyme and 200 nM substrate, turnover was approximately
0.2—-0.3 min~! for all three ribozymes (Fig. 4B & 4C). Thus
in both Mg?* and Ca?+, RC1 displayed kinetics similar to those
of the two linear ribozymes.




Activity of the circular ribozyme is not due to linear
contaminants

It is expected that some of the circular form of RC1 would be
randomly nicked during purification, and some of these linear
forms would be active. However, the following observations
demonstrate that the observed activity of RCI is due primarily
to the circular ribozyme and not exclusively to linear forms. First,
RC1, CDC200, and PDC7 had similar specific activities, within
a factor of 2 (Fig. 4 and data not shown), yet no linear form
was detected when the circular RC1 RNA was re-analyzed on
a polyacrylamide gel under denaturing conditions which separated
circles and linears. In a control lane in which the same quantity
of RC1 was partially nicked by alkaline hydrolysis, the linear
form was clearly apparent when it represented less than 20%
of the total RNA in the lane (data not shown). These results place
a generous upper limit on the amount of contaminating linear
form. Second, the specific activity of the gel-purified (randomly-
nicked) linear form of RC1 was less than the circular RC1. In
reactions containing 10 mM Ca?*, 200 nM substrate (5’ end-
labeled C*GGGUCGG, refs 7,8) and either 40 nM linear (nicked)
RC1 or 40 nM circular RC1, product was formed at the rate
of 0.057/min and 0.29/min (moles product/mole of
ribozyme/min), respectively (data not shown). Thus, under
turnover conditions in Ca?*, the circle generated product 5
times faster than the nicked RC1. Similar rates were obtained
at other ribozyme concentrations: 8 nM circle, 0.25/min; 20 nM
linear, 0.064/min. In 10 mM Mg?*, conditions showing less
turnover, a difference in burst size for the two forms of RC1
was seen (Fig 5). The circular form generated a burst of 0.86
moles of product per mole of enzyme (P/E), while the linear form
generated a burst of 0.17 P/E. Mixing equal amounts of linear
and circular forms generated a burst of intermediate value (0.55
P/E) (Fig 5). By either analysis, the results can be interpreted
to indicate that the linear (randomly nicked) RC1 contains
approximately 20% active species. That value would be consistent
with the prediction that nicking RC1 in nonessential sequences
(eg. at or near stem-loops II and IV) would convert it to a linear
form which is still active, while nicking in other regions may
inactivate the ribozyme. This difference was seen with two
independent preparations of ribozymes in which linears and
circles received the same treatments. The size of the burst with
RC1 in Mg2+ suggests that 80—90% of the ribozyme is active.
These findings implicate the circle, rather than a very robust linear
form, as the major active species of RC1.

The circular HDV ribozyme is more resistant to nuclease
degradation

The stability of the circular ribozyme relative to a linear ribozyme
was tested in partially fractionated HeLa cell extracts. In the
presence of cytoplasmic extract where a linear form of the
ribozyme (CDC200) was rapidly degraded (t;, ~ 13 min), RC1
showed little evidence of degradation after 1.5 to 2 hrs (Fig. 6A).
The half-life for the circular ribozyme was estimated to be at
least 14 hrs. The presence of any linear contaminants in the circle
preparation would mean that this difference is a lower estimate.
In a nuclear extract the difference was also large; the half-life
of the circular form was estimated to be greater than 24 hrs
compared to about 5 min for the linear form under the same
conditions (Fig. 6B). These data suggest that elimination of ends
protects the RNA by making it resistant to exonucleases, although
the possibility that the circular form is more compact and
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therefore may be more endonuclease resistant as well cannot be
ruled out at this point. Nevertheless, the half-life of the circular
form is increased by 65 to 300 fold, depending on the extract,
relative to a linear ribozyme of similar size and sequence.
Enhanced stabilities of RNA circles has also been observed when
circular group I introns were injected into frog oocytes (36).

Previously, it has been shown that circular RNAs are often
products of self-splicing and self-cleaving reactions, and are able
to interconvert between linear and circular forms through self-
catalyzed reactions (45,46,47). This study demonstrates that it
is possible to generate small circular ribozymes by PIE splicing
which are stable as circles and do not autocatalytically
interconvert with linear forms. These circular ribozymes retain
structures required for formation of a substrate binding site and
a catalytic site, and therefore can act in trans. For certain
structural studies of ribozymes, the circular forms of the RNA
may prove useful since they would be expected to have fewer
stable folding options available and therefore more likely to
assume a unique structure. While we have not demonstrated such
a structural effect, we have shown that this small circular RNA
shows enhanced resistance to degradation in nuclease rich cellular
extracts. Presumably this resistance is due to lack of ends and
as such circular RNA may offer some advantages over non-
modified linear forms for uses in vivo. Finally, circularization
by splicing is a method by which to process an RNA to eliminate
sequences at the ends of the primary transcript which could
interfere with the desired function. Although circle production
by splicing of group I PIE sequences in vivo has not been
examined, messenger exon sequences with an inverted order of
splice sites have been detected by PCR (48,49). A more recent
report extends these findings and shows that pre-mRNA can splice
to produce circles of exon sequences when the splice sites are
utilized in reverse order (50). In this case, the RNA circles are
stable in the cytoplasm despite the absence of modifications
generally associated with the ends of messengers (50). These
exciting findings suggest that, with the appropriate vectors, it
may be possible to exploit various splicing systems, in place of
or in addition to the self-splicing group I introns, to generate
circular RNA sequences in specific cell types or subcellular
locations.
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