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ABSTRACT

The secondary structures proposed for the cis -acting
hepatitis delta virus (HDV) ribozymes contain four
duplex regions, three sequences joining the duplexes
and two hairpin loops. The core and active site of the
ribozyme could be formed by portions of the joining
sequences, J1/4 and J4/2, together with one of the
hairpin loops, L3. To establish the core region and
define essential bases within this putative active site
28 single base changes at 15 positions were made and
tested for effects on ribozyme cleavage. At 14 of the 15
positions all of the changes resulted in detectable
decreased rates of cleavage. At seven of the positions
one or more of the changes resulted in a 500-fold or
greater decrease in the observed rate constant for
cleavage. Mutations that resulted in 10 3-fold effects
were found in all three regions hypothesized to form
the core. At the cleavage site substitutions of the
cytosine 5 ′ of the site of cleavage did not provide
strong support for a sequence-specific interaction
involving this nucleotide. In contrast, an A·C combina-
tion was the most effective substitution for a potential
G·U pair 3′ of the cleavage site, suggesting a require-
ment for a wobble pair at that position.

INTRODUCTION

The self-cleaving RNA sequences (ribozymes) found in the
genomic and antigenomic RNAs of hepatitis delta virus (HDV)
(1–3) adopt a novel structural motif (4,5) distinct from the
previously defined hammerhead and hairpin ribozymes found
predominantly in plant pathogenic RNAs (6–8). In the HDV
ribozymes, which are about twice the size of a minimal
hammerhead ribozyme, the cleavage site is located at the 5′-end
of the sequence defining the self-cleaving element (5,9,10).
Consequently, all but one nucleotide of the self-cleaving se-
quence is 3′ of the cleavage site.

A secondary structure containing four paired regions (P1–P4)
forming a pseudoknot (Fig. 1) is supported by several lines of
evidence. First, the genomic and antigenomic ribozymes display
variations in sequence that maintain the potential for base pairing
in the four duplex regions of the proposed structures (4,5). More
significant, however, a dependence for base pairing in these

proposed duplex regions is demonstrated by the effect of base
changes and compensatory base changes on the self-cleavage
activity in both the antigenomic (5,9,11) and genomic sequences
(12). In those studies mutations that would be predicted to
destabilize pairing in P1, P2 and P3 reduced the rate or extent of
self-cleavage in both the antigenomic (9) and genomic sequences
(12). In the genomic sequence deletions in P4 that left part of the
stem intact have resulted in decreased, but not total loss of,
activity (12,13). The complete deletion of P4 resulted in a
100-fold decrease in activity in the antigenomic ribozyme, but
shortening P4 to 4 bp and replacement of loop L4 with a
stabilizing UUCG tetraloop sequence enhanced self-cleavage
activity (9). In that case it could be demonstrated that pairing in
the remaining part of P4 contributed to activity. These data have
been interpreted as evidence for a structural role of P4 (9,11). In
a bimolecular reaction in which the 5′-side of P1 is provided as
substrate to the ribozyme in trans it was demonstrated that base
pairing in P1 provides specificity in substrate cleavage (14). Thus
there is support for functioning of the base paired regions in
specifying the cleavage site and in stabilizing an essential
ribozyme structure. Much less information is available for those
regions of unknown structure which are represented in the model
as single-stranded but nevertheless are likely to participate in
interactions essential for formation of the active site of the
ribozyme.

There are three single-stranded joining sequences (J1/2, J1/4
and J4/2) and two hairpin loops (L3 and L4) in these structures.
That active forms of the ribozyme can be generated from two
fragments in which J1/2 is deleted (8,9,14,15) or where L4 is
interrupted or deleted (9,11,16,17) suggests that L4 and J1/2 are
unlikely to participate directly in forming the core structure. In
this paper we focus on J1/4, J4/2 and L3 and present evidence
from site-specific mutagenesis demonstrating that the identity of
bases at most of the positions in those sequences contribute to full
activity of the antigenomic ribozyme. These data on the
antigenomic ribozyme are in close agreement with a careful
mutagenesis study of the J1/4 and J4/2 regions of the genomic
ribozyme (18) and do not contradict other studies of the genomic
ribozyme sequence (12,13,19,20). Together the mutagenesis
results provide compelling evidence that the active sites of the
two ribozymes are very similar. In addition, evaluation of
mutations and compensatory changes at the cleavage site
provides evidence for a wobble base pair requirement at the
cleavage site.
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Figure 1. Secondary structures of the HDV antigenomic and genomic cis-acting ribozymes (5). Boxed regions in SA1-2 and dSIV indicate the sequences under
consideration in the two antigenomic ribozymes used in this study. The base changes that were tested are indicated below the secondary structure. For comparison
the equivalent areas of the genomic ribozyme are also boxed.

MATERIALS AND METHODS

Enzymes, chemicals and oligonucleotides

T7 RNA polymerase was purified by M.Puttaraju from an
over-expressing clone provided by W.Studier (21). Modified T7
DNA polymerase (Sequenase) was purchased from US Biochemical
(Cleveland). Restriction endonucleases, nucleotides, 32P-labeled
nucleotides and chemical reagents were purchased from commercial
suppliers. Oligonucleotides were synthesized on an Applied Biosys-
tems DNA synthesizer (Department of Botany, Duke University,
Durham, NC).

Plasmids and construction of mutants in the
antigenomic ribozymes

Two versions of the wild-type antigenomic ribozyme sequence were
used. Both sequences were cloned into the T7 promoter-containing
phagemid vector pTZ18U. The parent plasmid pSA1-2 was
constructed with a synthetic version of the sequence of the
antigenomic ribozyme inserted downstream of a T7 promoter (5)
and was nearly identical to the wild-type antigenomic self-cleaving
sequence except for minor changes that introduced a restriction
recognition site in the sequence constituting stem–loop 4. The
ribozyme in pdSIV (9) contained a shortened P4 with only 4 bp and
a UUCG hairpin tetraloop. The mutants of pSA1-2 and pdSIV were
generated by oligonucleotide-directed mutagenesis using a uracil-

containing single-stranded form of the plasmid as the template
(22,23). The mutagenic oligonucleotides generated a mismatch
when annealed to the strand of DNA of the same sense as the
transcript. Plasmids with the mutation were identified by sequencing
miniprep DNA using primer extension with Sequenase (US
Biochemical) and dideoxynucleotide chain terminators. Following
a second round of transformation plasmid DNA was prepared from
overnight cultures and purified by CsCl equilibrium density
centrifugation in the presence of ethidium bromide (24). All purified
plasmid DNA was again sequenced before use as templates in
transcriptions.

Transcriptions

Plasmid DNA was linearized by digestion with HindIII, extracted
with phenol and chloroform, precipitated with ethanol and tran-
scribed in 0.05 ml reactions containing 40 mM Tris–HCl, pH 7.5,
15 mM MgCl2, 5 mM dithiothreitol, 2 mM spermidine,
ribonucleoside triphosphates at 1 mM each, 0.05 mCi
[α-32P]CTP, 2.5 µg linear plasmid DNA and 300 U T7 RNA
polymerase. Incubation was for 60 min at 37�C, EDTA was
added to 50 mM, formamide to 50% (v/v) and the RNA was
fractionated by electrophoresis on a 6% (w/v) polyacrylamide gel
containing 7 M urea. RNA was located by autoradiography,
excised, eluted overnight at 4�C (in 1 mM EDTA, 0.1% w/v SDS)
and recovered by ethanol precipitation. The self-cleavage reaction
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requires only low levels of a divalent cation and typically transcripts
SA1-2 and dSIV cleaved extensively during synthesis under the
above conditions. To increase the fractional yield of uncleaved RNA
an oligodeoxyribonucleotide complementary to the 5′-region of the
ribozyme RNA was added (2 pmol/µl) during transcription to inhibit
self-cleavage. Although this resulted in a lower overall yield of
RNA, it increased the ratio of uncleaved to cleaved RNA. Most of
the mutated ribozymes cleaved slowly, so a blocking oligodeoxyri-
bonucleotide was not needed in the transcription to obtain precursor
RNA in high yields.

Self-cleavage reactions

Radiolabeled precursor RNA was preincubated at 37�C for 5 min
in the cleavage cocktail minus Mg2+ and the cleavage reactions
were initiated by addition of MgCl2 (37�C); final conditions were
40 mM Tris–HCl, pH 8.0, 1 mM EDTA, 11 mM MgCl2 and
∼5–50 nM RNA. For reactions that contained 10 M formamide
the formamide was included in the preincubation. The kinetics of
cleavage were followed by removing and mixing 5 µl aliquots
with 5 or 10 µl formamide–dye mix containing 25 or 50 mM
EDTA to quench the reaction. The precursor and product were
separated by gel electrophoresis under denaturing conditions (6%
polyacrylamide gels containing 7 M urea, 0.05 M Tris–borate, pH
8.3, 0.5 mM EDTA). The relative amounts of precursor and
3′-cleavage product were quantified by analysis in a phosphor-
imager (Molecular Dynamics). The fraction cleaved (F) was
calculated as (countsproduct)/(countsprecursor + countsproduct). The
3′-fragment contained 95–97% of the label for the precursors
used in this study; the 5′-product migrates off these gels and was
not included directly in the analysis, because correcting the data
for this small difference had no effect on values obtained for the
rate constants. The first order rate constant (k) and end point (m)
were obtained by fitting the data to F = m × (1 – e–kt). The end
points seen in reactions with purified precursors most likely did
not reflect a true equilibrium between the cleaved and uncleaved
forms, since the extent of cleavage can vary for different methods
of preparation of the precursor. In addition, the extent of cleavage
seen with purified precursor is routinely less than the extent of
cleavage observed during transcription. More likely, the end point
represents a combination of contaminating species that co-migrate
with the precursor during gel purification and non-cleaving
conformers of the ribozymes. For the faster cleaving sequences
the calculated end points were compared with data from time
points taken at 5–60 min (10–200 × t�). At these extended time
points the experimentally determined end point often exceeded
the calculated value by 5–10%, suggesting that there may be a slow
cleaving precursor population in those preparations. Correction for
these differences did not result in significant changes in estimated
rate constants, so all ribozyme sequences were analyzed as though
they contained a single major species that cleaved with simple first
order kinetics. For the two precursors containing a wild-type core
sequence, SA1-2 and dSIV, the reaction was complete after 1 min
(k = ∼5/min and ∼10/min respectively) and because the earliest time
points were taken at 4 or 6 s values for rate constants >5/min were
most likely minimal estimates. Thus, while reproducibility is good
(±10–20%), we may have underestimated the fastest reactions. For
the mutated precursor RNAs, which cleaved more slowly, reproduc-
ibility was often within ±10%. All rate constants reported were the
average of at least three independent determinations.

Figure 2. Cleavage of ribozymes with base changes in L3 (A) and J4/2 (B). The
effect of individual base changes is illustrated by the extent of cleavage in a
5 min reaction at 37�C in the absence or presence of 10 M formamide. The
conditions for these reactions were the same as for the kinetic studies and are
described in Materials and Methods. Precursor and 3′-product were separated
by electrophoresis in a polyacrylamide gel under denaturing conditions and
only the portion of the gel containing precursor and 3′-product is shown. The
5′-product ran off the gel.

RESULTS

Antigenomic ribozymes with wild-type core sequences

Two versions of the antigenomic ribozyme sequence (SA1-2 and
dSIV) were used as the starting sequences in these studies; each
contained the same wild-type core sequence (Fig. 1). SA1-2
closely resembled the wild-type antigenomic ribozyme sequence
with only a minor change in the non-essential L4 sequence (5).
dSIV (9) was a shortened version of SA1-2. Both cleaved rapidly
at 37�C in 10 mM Mg2+ (4.7/min and 11/min for SA1-2 and dSIV
respectively), but dSIV cleaved slightly faster under all conditions
tested (9). The genomic and antigenomic ribozymes cleaved in the
presence of moderate to high levels of denaturants (5,10,25,26)
and both SA1-2 and dSIV precursors cleaved two to three times
faster when 10 M formamide was included in the reaction under
the standard conditions (Table 1 and 2 respectively).

For the studies described below specific base changes were made
in either the SA1-2 or dSIV ribozyme sequence. Precursor RNA
containing the base change was purified and a first order rate
constant was determined; comparisons of activity were made with
respect to the parental wild-type core-containing precursor (SA1-2
or dSIV). In those instances where the same base change was made
in both ribozymes the effect on activity was essentially the same.

Hairpin loop 3 (UCCUCGC, positions 23–29)

Hairpin 3 contains a 7 nt loop and a 3 bp stem which is contiguous
in one strand with stem 1 and in the other strand with stem 2. In
both HDV ribozymes a similar pyrimidine-rich sequence forms
the loop of hairpin 3. However, the genomic ribozyme has an
additional 3′ U, making it 8 nt in length. As a conserved sequence
and structure this loop is a candidate for part of the active site.
Initially each base from position 23 to 29 was changed individually
to adenine and the effect on cleavage examined in the absence and
presence of formamide (Fig. 2A). In this screen (5 min at 37�C)
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mutations at either U23 or C24, in the 5′-side of L3, resulted in a
large decrease in cleavage activity. Time courses of cleavage activity
of these two mutants using gel-purified precursor revealed that the
rate of cleavage decreased >103-fold (Table 1). With changes at the
other positions (nt 25–29) the effects were less dramatic (Fig. 2A),
but again time courses revealed that the rate constants for cleavage
had decreased (Table 1). In this region the smallest effect was seen
with U26A (2-fold decrease) and the largest effect was with G28A
(50-fold decrease). The data suggested that the sequence of the 2 nt
on the 5′-side of L3 were more critical than the 5 nt on the 3′-side,
therefore, other bases were tested at positions 23 and 24 to determine
to what extent the identity of the base substitution affected activity
(Table 1). It was found that a U→C substitution at position 23
(U23C) still had a large negative effect on cleavage rate (103-fold),
whereas at position 24 a C→U change (C24U) had a relatively small
effect (∼4-fold) (Table 1). A large decrease in activity (103-fold) was
associated with a C24G mutation, indicating a possible preference
for pyrimidine at position 24.

Addition of denaturants to cleavage reactions exaggerate the

negative effect that mismatched base pairs in duplex regions had on
cleavage rates (5,9); presumably in those cases it further destabilized
the duplex containing the mismatch. With the L3 mutants the effect
of formamide on cleavage rates varied with the particular change.
With C24U, U26A, C27A and C29A there was a moderate (∼2- to
3-fold) increase in the rate of cleavage when 10 M formamide was
included in the reaction, about the same fold effect as was seen with
SA1-2. If denaturant stimulated the rate of cleavage because it
facilitated refolding from an inactive structure, then this result would
suggest that folding may still be partially rate limiting for those
mutants. The rate of cleavage of mutant C25A decreased 10-fold in
the presence of formamide and a smaller decrease in activity was
seen in formamide with the G→A change at position 28. Decreases
were also seen with mutations at position 23, but these were already
severely affected in the absence of formamide, so the magnitude
of the effect is difficult to quantify. While there is no straightfor-
ward interpretation of the denaturant effects, decreased activity
may indicate that a critical structure was at least partially disrupted
in several of the L3 mutants.

Table 1.

Nucleotidea Mutation kb (% cleaved) krel
c kf

d (% cleaved)

SA1-2 Wild-type 4.7/min (53%) 1 15/min (55%)

23 U23A 0.001 (75%)e 2.1 × 10–4 <0.001
U23C 0.003 (75%)e 6.4 × 10–4 0.001 (75%)e

24 C24A 0.002 (75%)e 4.3 × 10–4 0.003 (75%)e

C24G <0.001 <2 × 10–4 <0.001

C24U 1.2 (57%) 2.6 × 10–1 2.3 (59%)
25 C25A 0.50 (60%) 1.1 × 10–1 0.05 (60%)
26 U26A 2.6 (60%) 5.5 × 10–1 7.4 (60%)

27 C27A 0.59 (60%) 1.2 × 10–1 1.3 (60%)
28 G28A 0.096 (60%) 2.0 × 10–2 0.045 (60%)

29 C29A 1.0 (40%) 2.1 × 10–1 2.2 (50%)
75 G75A 0.64 (43%) 1.4 × 10–1 1.0 (70%)

G75C 0.007 (20%) 1.5 × 10–3 0.025 (20%)

76 C76A 0.011 (20%) 2.3 × 10–3 0.003 (20%)
77 U77A 6.8 (50%) 1.4 8.8 (72%)

U77C 1.9 (51%) 4.0 × 10–1 1.5 (51%)

78 A78C 0.006 (62%) 1.3 × 10–3 0.003 (54%)
79 A79C 0.018 (57%) 3.8 × 10–3 0.004 (35%)

80 ∆G80 2.8 (55%) 6.0 × 10–1 0.62 (67%)
–1 C-1A 2.7 (79%) 5.7 × 10–1 0.84 (80%)

C-1G 0.30 (88%) 6.4 × 10–2 0.30 (99%)

C-1U 4.9 (79%) 1.0 3.8 (78%)
1 G1A 0.33 (68%) 7.0 × 10–2 0.22 (74%)

G1C 0.027 (92%) 5.7 × 10–3 0.07 (22%)

G1U 0.090 (79%) 1.9 × 10–2 0.04 (86%)
39 U39A 0.050 (33%) 1.1 × 10–2 0.10 (62%)

U39C 1.9 (64%) 4.0 × 10–1 1.5 (64%)
U39G 0.070 (22%) 1.5 × 10–2 0.04 (47%)
G1A:U39C 2.6 (52%) 5.5 × 10–1 0.59 (73%)

G1C:U39G 0.22 (78%) 4.7 × 10–2 0.14 (80%)

G1U:U39A 0.030 (79%) 6.4 × 10–3 0.04 (40%)

aNucleotide position.
bCleavage in 10 mM Mg2+ at 37�C. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Materials and Methods).
cRelative activity. Rate constant divided by 4.7/min.
dCleavage with addition of 10 M formamide. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Materials
and Methods)
eThe curve fitting program would not fit data obtained for this mutant to the rate equation given in Materials and Methods unless the end point was fixed. Therefore,
the end point was set to a reasonable, though somewhat arbitrary, value.
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In total, these data suggest that L3 provides an essential
structure for activity, either as part of the active site or through
interactions with other sequences in the ribozyme. This was in
contrast to the situation with P4 and L4, where no effect was seen
when those regions were mutated or deleted. It is very likely that
the structure of L3 could be important for optimal cleavage
activity and it is possible that several nucleotides in L3 (U23, C24
and G28) may have specific functions in the cleavage reaction or
in stabilizing a structural feature essential for catalysis.

The J4/2 sequence (positions 75–79)

The J4/2 region in the antigenomic (GCUAA) and genomic
(GCGAA, positions 74–78) ribozymes are non-identical, but
similar, in sequence. If the secondary structures are accurate, the
antigenomic J4/2 sequence may contain an extra nucleotide (G80).
The significance of this difference was examined by deleting G80
in the antigenomic sequence. While in the 5 min screen it appeared
that deletion of G80 had very little effect (Fig. 2B), rate measure-
ments revealed that the deletion actually resulted in a small decrease
in activity and formamide sensitivity (Table 1). This suggested that
G80 contributed in some fashion, perhaps to stability through
interation with sequence in P3. No further alterations at position 80
were tested. At other positions in J4/2 several base changes had
dramatic effects on self-cleavage activity (Fig. 2B). Most notably
G75C, C76A, A78C and A79C resulted in large decreases in the rate
of cleavage (250- to 800-fold down). A U77A mutation had no
detectable effect on activity, although a U77C mutation did cause a
small 2- to 3-fold decrease. The negligible effect seen with altering
U77 is consistent with sequence variation at the equivalent position
in the genomic ribozyme (G76 in the genomic sequence).

These data suggest that there are several key residues in this
region of the ribozyme that are required for optimal activity. While
it provided little insight into possible structures involving these
nucleotides, it was noted that the G→C change at position 75 could
result in an extra Watson–Crick G-C pair at the end of P4 (the C
pairing with G42), thus extending the helix into the potential core
region. The possibility that an extra Watson–Crick base pair at this
position may disrupt the core structure was supported by recent
evidence that a homopurine base pair at the end of P4 was required
for full cleavage activity (27).

The J1/4 sequence (positions 40–42)

The genomic and antigenomic ribozymes each contain the
sequence GGG connecting the 3′-side of P1 to the 5′-side of P4.
The genomic sequence also contains an additional 3 nt (CAA)
that have been shown to be non-essential (18). Changes in this run
of G residues were made in the dSIV background, which differs
from SA1-2 only in that P4 has been shortened. The numbering
of nucleotides in dSIV is otherwise the same as for SA1-2.
Shortening P4 resulted in a 2-fold higher rate of cleavage (9),
indicating that there was probably no adverse effect on the
self-cleaving reaction due to this deletion. All of the six possible
individual base changes at positions 40 and 41 had dramatic
effects on cleavage rates; most rates decreased by at least two
orders of magnitude (Table 2). Clearly, the presence of guanine
at positions 40 and 41 is important. Addition of formamide to
these reactions did not stimulate cleavage of these mutants and
cleavage rates in formamide were not quantified.

Relative to positions 40 and 41 the effects of base changes at
position 42 were more sequence dependent. G42A, G42U and
G42C were down 10-, 100- and 1000-fold respectively. As

hypothesized above for position G75, one explanation for these
effects was that the G→C change at position 42 allows P4 to form
an additional Watson–Crick base pair (with G75) and it was this
specific pairing that interfered with structure in the core sequences.

Possible base pairing between J1/4 and J4/2

The potential for Watson–Crick interactions between either G40 or
G41 and C76 was tested in the dSIV ribozyme. At position 76 a
C→G or U change resulted in complete loss of activity (Table 2).
The potential for position C76 to pair with either G41 or G40 was
tested with three double mutants, G41C:C76G, G41A:C76U and
G40A:C76U. None of the double mutants showed any detectable
cleavage activity in Mg2+ with or without formamide. Although
these results were negative, the experiments did not rule out contacts
across this region.

Sequence requirement for the nucleotide 5′ of the
cleavage site

Immediately 5′ of the cleavage site a C in the antigenomic sequence
and a U in the genomic sequence suggested a preference for a
pyrimidine at position –1. This possibility was investigated by
making mutations at the –1 position in the antigenomic sequence.
Cleavage rates were found to be very similar with either C or U at
position –1 (Table 1). With the addition of formamide, however, the
C–1U change resulted in 2- to 3-fold slower cleavage, suggesting
that an interaction had been disrupted with that change. With an A
at position –1 there was a 2-fold decrease in the rate of cleavage and
an additional 3-fold drop with the addition of formamide. A C–1G
mutation resulted in the largest decrease relative to SA1-2, 15- or
50-fold in the absence or presence of formamide respectively. Thus
when formamide (10 M) was included in the reaction there was a
clear preference for C. In general it appeared that the rate of cleavage
with substitutions at position –1 decreased in the order, C = U > A
> G. It should be emphasized that the differences in rates seen with
changes at –1 were very small relative to the effects seen with
changes at G40, a position which could potentially pair with –1C.
Even the slowest cleaving –1 variant (C–1G) had a t� of <3 min in
the absence of denaturants and thus would cleave to completion in
15–30 min.

A wobble base pair at the cleavage site

The secondary structures of both the genomic and antigenomic
ribozymes (Fig. 1) include the potential for a G·U base pair at the
cleavage site. In both structures the guanosine at position 1 (3′ of the
cleavage site) could pair with a U at the 3′-end of P1 (U39
antigenomic or U37 genomic). While a G·U wobble interaction at
the end of an RNA helix would not be unusual, evidence for the
nature of the base pair requirement at this position in these
ribozymes was lacking. The proximity to the cleavage site suggested
that a G·U pair at this position could be functionally significant.
Changing G1 to an A resulted in a 14-fold decrease in cleavage rates,
while changing it to a pyrimidine resulted in a larger (50- to
200-fold) decrease (Table 1). Changing U39 to a C resulted in only
a 2-fold decrease, but changing it to a purine resulted in a 50- to
100-fold decrease in activity (Table 1). If the bases at positions 1 and
39 interact, these data indicate that purine·pyrimidine base pairs
(G·U, G-C and A-U) might be preferable to several pyrimidine·pyri-
midine and purine·purine combinations (C·U, U·U, G·A and G·G).
Three additional mutations were made in which the potential G·U
pair was replaced with C-G (G1C:U39G), U-A (G1U:U39A) and
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A·C (G1A:U39C). The pyrimidine·purine orientations did not
cleave well, but the A·C cleaved about eight times faster than the
A-U and about half as fast as the wild-type G·U. The latter result
suggest that the G1A mutation could be partially rescued with a
U39C change. These data indicated the order of activity for those
combinations that cleaved fastest was G·U > A·C � G-C > A-U.
This data was consistent with two requirements: a preference for G
at position 1 and a purine·pyrimidine non-Watson–Crick base pair.
The addition of 10 M formamide to the reaction had a negative effect
(4- to 5-fold) on the rate of cleavage of the A·C mutant, but a
negligible effect on the G-C mutant (Table 1). In formamide,
because of the enhanced activity, there was a clear preference for the
wild-type G·U combination. This suggested that while A·C can
substitute for G·U at this site, it might be a less stable interaction.
This would be consistent with an A·C wobble pair, isosteric with a
G·U wobble, but with one rather than two hydrogen bonds (Fig. 3).
In support of this idea, there is preliminary evidence that the A·C
mutant cleaves better in formamide at lower pH (pH 6.4;
A.T.Perrotta and M.D.Been, unpublished results), where protonation
of the adenine could allow formation of a second hydrogen bond
(28).

DISCUSSION

Self-cleavage activity of the HDV antigenomic ribozyme was
sensitive to base changes in three regions that are represented as
single-stranded in the secondary structures. These three regions, a
hairpin loop (L3) and two joining sequences (J1/4 & J4/2), were
hypothesized to form part of the catalytic core of the ribozyme. In
terms of proximity to the site that is cleaved J1/4 has to be close to
the cleavage site simply because it is continuous with the 3′-side of

P1 (Fig. 1). Cross-linking studies revealed that parts of L3 and J4/2
are also within ∼10 Å of the cleavage site phosphate (29). Thus we
can conclude that portions of all three of these regions are physically
close to the cleavage site phosphate in the folded RNA and,
therefore, could contribute to catalysis. By characterizing the effect
of single base changes on cleavage activity we have now shown that
each of these regions contain sequence critical for cleavage activity.

Figure 3. Potential G·U and A·C wobble pairs compared with Watson–Crick
pairs.

Table 2.

Nucleotidea Mutation kb (% cleaved) krel
c kf

d (% cleaved)

dSIV 11 (72%) 1 19 (90%)

40 G40A 0.024 (70%) 2.2 × 10–3 ndf

G40C 0.040 (60%) 3.6 × 10–3 nd
G40U 0.019 (70%)e 1.7 × 10–3 nd

41 G41A 0.060 (60%)e 5.5 × 10–3 nd

G41C 0.030 (60%)e 2.7 × 10–3 nd
G41U 0.062 (60%)e 5.6 × 10–3 nd

42 G42A 0.79 (98%) 7.1 × 10–2 0.82 (80%)
G42U 0.040 (80%)e 3.6 × 10–3 nd
G42C 0.004 (50%) 3.6 × 10–4 0.012 (40%)

75 G75C 0.002 (38%) 1.8 × 10–4 0.006 (40%)
G75A 0.73 (97%) 6.6 × 10–2 1.6 (88%)

76 C76G <0.001 < 1 × 10–4 <0.001

C76U <0.001 < 1 × 10–4 <0.001
G41A:C76U <0.001 <1 × 10–4 <0.001

G41C:C76G <0.001 <1 × 10–4 <0.001

G40A:C76U <0.001 <1 × 10–4 <0.001

aNucleotide position.
bCleavage in 10 mM Mg2+ at 37�C. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Materials and
Methods).
cRelative activity. Rate constant divided by 11/min.
dCleavage with addition of 10 M formamide. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Materials
and Methods)
eThe curve fitting program would not fit data obtained for this mutant to the rate equation given in Materials and Methods unless the end point was fixed. Therefore,
the end point was set to a reasonable, though somewhat arbitrary, value.
fnd, rate not determined.
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Figure 4. Summary of mutagenesis results. The secondary structure of the
antigenomic ribozyme is redrawn with only the core sequences emphasized.
The effect that one or more mutations at a particular position had on the rate of
cleavage is denoted as follows: lower case, <2-fold decrease; upper case, 2- to
10-fold decrease; circled upper case, 10- to 100-fold decrease; boxed upper
case, >100-fold decrease. For comparison the genomic ribozyme is also shown
using the mutagenesis data of Tanner et al. (18) for J1/4 and J4/2, Wu et al. (13)
for the cleavage site G·U pair and Kawakami et al. (19) for L3. For the G·U pair
and L3 the activity is based on extent of cleavage after extensive incubation
times, therefore, the rate of cleavage would probably be more severely affected
than is indicated.

Several groups have assessed a variety of mutations in the
equivalent core regions of the genomic ribozyme
(9,13,18–20,30,31). Relative to the genomic ribozyme the antige-
nomic is shorter by 1 nt in L3, shorter by three in J1/4 and longer
by one in J4/2. However, of the remaining nucleotides in these three
regions there is only one base difference (antigenomic U77 and
genomic G76) and mutagenesis in both ribozymes indicated that
there was no strict base requirement at that position (18). Having
similar data sets on the core sequences of different ribozymes is
useful, because the ribozyme sequences forming the remainder of
each structure are slightly different. Therefore, this makes it possible
to distinguish between mutations that may specifically affect one
ribozyme and those that are general to both and thus may identify
positions that participate in a catalytic center common to both.
Tanner et al. (18) have carried out a careful and thorough
characterization of the effect of site-specific change in the genomic
J1/2 and J4/2 core sequences. They started with a highly active
minimal ribozyme similar in length to SA1-2 and have determined
rates of cleavage for the mutants relative to the wild-type. Despite
differences in the sequences and in the approaches of the various
laboratories, there appears to be a striking correlation in the results.
For the most part all of the mutagenesis data were consistent with
the idea that the two ribozymes form similar core structures (Fig. 4).
Our results with the antigenomic ribozyme closely parallel the

results and conclusions reported by Tanner et al. (18) for J1/2 and
J4/2 in the genomic ribozyme. Specifically, in each of the joining
sequences we found that base changes at equivalent positions
showed similar effects. In the J1/4 run of three G reidues the 5′-most
G (genomic G38, antigenomic G40) was most critical and in J4/2 a
cytosine (genomic C75, antigenomic C76) appeared to be most
critical for activity. For the purpose of comparison it is somewhat
difficult to directly use the results of Kumar et al. (20) and
Kawakami et al. (19), because activity estimates were based on a
screen that measured the extent of cleavage after a 2–3 h
transcription reaction. This approach quickly identifies the most
defective mutants, but will grossly over-estimate the activity of slow
cleaving variants. Thus there was a correlation between the inactive
genomic mutants in their studies and the least active mutants in the
antigenomic RNA in our studies, but many of the slower cleaving
mutants that we identified would have no phenotype in that assay.
Nevertheless, for L3 our results did not conflict with those of
Kawakami et al. (19) in that they saw the greatest loss of activity
with mutations at U20 (antigenomic U23), C21 (antigenomic C24)
and G25 (antigenomic G28). These data suggest that the sequences
in these regions are conserved for function and that the two
sequences may use a very similar arrangement of core nucleotides
to form the catalytic center of the ribozyme (Fig. 4).

The secondary structures of the two ribozymes suggest that there
is likely to be a G·U pair at the cleavage site. While G·U pairs are
common in RNA secondary structures, especially at the ends of
helices (32), this is the only naturally occuring G·U pair proposed
in the current model of HDV ribozymes. Our data strongly suggest
that a wobble pair at the cleavage site is important for cleavage
activity. Neither the Watson–Crick base pairs nor several mis-
matches function as well at this position. Wu et al. (1993) found
a similar effect for several base pair combination substitutions at
this position in the genomic sequence. In that study, while an A·C
combination at this position was not tested, G·U was preferable to
G-C, which in turn was better than A-U. For the G·U pair there are
two obvious differences from a Watson–Crick pair. Structural
changes associated with displacement of the U into the major
groove and the G into the minor groove could distort the
sugar–phosphate backbone and may facilitate the cleavage reac-
tion. While distortions to the backbone may be mimicked by an
A·C wobble, G·U is unique because of the guanosine 2 amino
group, which is displaced into the minor groove. The importance
of the 2 amino group can be tested by substituting inosine for
guanosine at that position (33). It is noteworthy that in an
extensively studied class of ribozymes, the group I introns, there
is a U·G base pair at the 5′ splice site. This feature is nearly
invariant in all of the natural isolates (34) and, as with HDV
ribozymes, the U·G pair can be replaced by C-G (35) or C·A (36)
with only partial loss of activity in vitro. Recent studies on the
effect of substituting C-G for the U·G pair in the Tetrahymena
group I intron revealed that several aspects of the splicing reaction
were affected, with the unifying theme being that docking of the
P1 helix into the core of the ribozyme is less favorable with G-C
(37). The relationship of the wobble pair to the site of cleavage,
however, is different in these two cases. In the group I introns
cleavage of the RNA occurs 3′ of the U in the U·G pair and a 3′
hydroxyl group is generated; in HDV ribozymes cleavage is 5′ of
the G and a 5′ hydroxyl is generated. In addition, preliminary
studies with a trans-acting HDV ribozyme indicate that G·U
pairing is weaker than either G-C or A-U combinations (A.T.Per-
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rotta and M.D.Been, unpublished results). The role of the G·U
pair in the HDV ribozyme warrants further investigation.

A three-dimensional structure of the HDV genomic ribozyme has
been proposed (18). This model incorporated established features of
the secondary structure and brought residues identified by muta-
genesis as essential in the core region together near the cleavage site
phosphate. Because of extensive similarities in sequence and
secondary structures between the two ribozymes in HDV we would
expect the three-dimensional structures to be similar. The muta-
genesis data on the antigenomic ribozyme appeared to be consistent
with many features of the genomic ribozyme three-dimensional
model. Until a physical structure is available, additional constraints,
either from identifying compensatory mutants or from biochemical
approaches, are necessary to further refine the details. When a
physical model is available it should account for the mutagenesis
data and together the two approaches will provide greater insight
into RNA stucture and function.
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