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ABSTRACT: The sequence, secondary structure, and size requirements of the helix 2 region (H2) of acis-
acting hepatitis delta virus ribozyme Rz 1 were examined in this study. Mutational analysis was performed,
and the cleavage rate of each H2 mutant of Rz 1 was assayed. We found that H2 could be elongated to
twice its original size without affecting ribozyme folding while the shortening of H2 by one base pair
severely decreased autolytic activity. In addition, the maintenance of the Watson-Crick base-pairing
interactions of the last base pair of H2 (A16U58) was not critical forcis-cleavage reaction. Nevertheless,
mutants with an AA, an AG, an AC, or a GG pair at the bottom of H2 were less active, and the sequence
of the H2/H3 interface might affect the stability of the catalytic core. The negative effects on ribozyme
folding, such as the destabilization of H2, the unfavorable sequences at the last base pair of H2 as well
as the disruption of the continuity of H2 and H3, could be compensated for by elongating the H2 region
of the corresponding mutants. The extension of H2 may alter the conformation of ribozyme molecules;
in addition, it stabilized the catalytic core and enhanced the resistance to formamide. Finally, for atrans-
acting ribozyme and its substrate that require the formation of H1, H2, and H4 to reconstitute the
autocatalytic domain of HDV RNA, the extension of H2 stabilized the substrate/ribozyme complex and
speeded up the cleavage rate but hindered the product release process.

Hepatitis delta virus (HDV)1 contains a single-stranded
circular RNA of 1.7 kb as genome (Kos et al., 1986; Wang
et al., 1986; Makino et al., 1987). The HDV RNA of
genomic and antigenomic sensescis-cleavein Vitro (Kuo et
al., 1988). This site-specific cleavage reaction is an essential
process for the replication of HDV RNA (Macnaughton et
al., 1993). The autocatalytic activity requires the presence
of magnesium ion or other divalent cations, and the reaction
products contain a 5′-hydroxyl group and a 2′,3′-cyclic
phosphate group (Wu et al., 1989; Suh et al., 1993).
Extensive mutational analysis has been carried out to define
the boundaries, identify the sequence requirement, and
investigate the secondary structure of the autolytic domain
of each sense of HDV RNA (Kuo et al., 1988; Rosenstein
& Been, 1991; Wu et al., 1992; Wu & Huang, 1992). Two
domains have many common features that are different from
other well-characterized catalytic RNA’s such as the ham-
merhead and hairpin ribozymes (Uhlenbeck, 1987; Hampel
et al., 1990). The HDV autolytic domain contains four base-
pairing regions and each helical region has its characteris-
tics: H1 and H3 are restricted in size, the sequence of H2 is
not critical, and the long self-complementary region (H4/
Lp4) can be replaced by a stable hairpin loop (Wu et al.,

1992, 1993; Wu & Huang, 1992). These double-stranded
regions may fold into a pseudoknot-like structure (Perrotta
& Been, 1991). Moreover, the residues enclosed by H3, the
residues connecting H1 and H4, and the residues between
H4 and H2 have stringent sequence requirements (Kummar
et al., 1992; Kawakami et al., 1993; Thill et al., 1993; Tanner
et al., 1994). These residues may be involved in the
formation of the catalytic core; in addition, some of them
may directly participate in catalysis.

Several variants of the HDV autolytic domains thatcis-
cleaved efficiently have been constructed on the basis of the
findings of mutational analysis (Wu & Huang, 1992; Wu et
al., 1993). These HDV ribozymes may retain the essential
structure and sequence elements of the native HDV autolytic
domains. Furthermore, thecis-acting HDV ribozymes have
been converted into various bimolecular constructs, and the
ribozyme subdomains catalyze the site-specific cleavage of
the corresponding substrate subdomainsin trans (Lai et al.,
1996). Therefore, the proposed pseudoknot-like structure
of the HDV autolytic domain could be reconstituted after
two subdomains were associated through base-pairing in-
teractions.

The H2 of the HDV autolytic domain is proposed to form
a coaxial helix with H3 in the pseudoknot-like structure
model. In this report, we studied the effect of the shortening,
the elongation, and the disruption of the helical structure of
H2 on the autolytic activity of acis-acting HDV ribozyme.
Moreover, whether the sequence of the last base pair of H2
that was at the interface of H2 and H3 affectedcis-cleavage
reaction and the importance of the maintenance of the coaxial
stacking helices were investigated as well. Furthermore, the
effect of H2 extension on the formation of substrate/ribozyme
complex and the cleavage rate and cleavage product release
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process of a site-specific cleavage reaction catalyzed by a
trans-acting HDV ribozyme were examined. The results
illustrated that H2 is an essential structural element of HDV
autolytic domain. The elongation of H2 may stabilize the
catalytic core and enhance the cleavage rate of bothcis- and
trans-acting HDV ribozymes.

MATERIALS AND METHODS

Constructs, Templates for RNA Synthesis, and Preparation
of RNA’s. Rz 1 is acis-cleaving HDV ribozyme (Lai et al.,
1996). In construct Rz 1, the cDNA of ribozyme sequence
was placed downstream of a T7 promoter and between a
KpnI site and aHindIII site. Different mutants of Rz 1 were
created by PCR (polymerase chain reaction) mediated
mutagenesis with appropriate synthetic DNA as primers. The
PCR product that contained a T7 promoter followed by the
cDNA of ribozyme mutant was cloned to pUC19. The
sequence of each construct was confirmed by DNA sequenc-
ing (Sanger et al., 1977). Rz 1 and its mutants wereHindIII
run-off transcripts. The templates for the synthesis of the
trans-acting ribozymes (RNA37 and LH2RNA37) and their
corresponding substrate (RNA73) were PCR products. The
PCR products were directly used as templates for RNA
synthesis without further purification. The internally32P-
labeled RNA’s forcis- and trans-cleavage reactions were
synthesized by T7 RNA polymerasein Vitro transcription
reactions. The synthesis, purification and quantitation of
RNA fragments followed the procedures described by Lai
et al. (1996).
CleaVage Reactions.The pretreatment of RNA molecules,

the conditions to conductcis-cleavage reaction, and the
determination of the extent of cleavage, i.e., the fraction of
the reactive RNA species at the end of reaction, followed
those of Lai et al. (1996). For thecis-cleavage reactions
conducted in the presence of formamide, the RNA molecules
were denatured in the presence of various concentrations of
formamide at 95°C for 1.5 min. The RNA solution was
then cooled down to room temperature and incubated at 50
°C for 5 min before the initiation of cleavage by 40 mM
Tris-HCl, pH 7.5, and 12 mM MgCl2.
For most of thetrans-cleavage reactions of this study, the

substrate and ribozyme RNA’s were denatured and renatured
together to promote annealing. Thetrans-cleavage was then
initiated by adding a solution containing Tris-HCl (pH 7.5)
and MgCl2 with the final concentrations of 40 mM and 12
mM, respectively. The reaction was performed at 50°C.
Alternatively, the substrate RNA and ribozyme RNA were
denatured and renatured separately, preincubated with Tris-
HCl/MgCl2 solution for 5 min. And two RNA solutions were
then mixed to initiatetrans-cleavage (Lai et al., 1996).
The cleavage reaction was terminated by the stop solution

containing 50 mM of EDTA and 7 M of urea. The rate
constants for the first order disappearance of the reactive
precursor RNA incis-cleavage reactions (k) and the reactive
substrate RNA in single-turnovertrans-cleavage reactions
(kob) were determined (Lai et al., 1996). Thet1/2 of
cis-cleavage reaction was obtained by dividing 0.693 with
the rate constants (k).
Structural Probing. Transcription reactions were per-

formed to obtain the precursor RNA of variant A16G58 and
the 3′ cleavage products of Rz 1, variants A16G58.H2 and
Rz 1.H2. The RNA was located by UV shadowing after

electrophoresis. Then the absorbency at 260 nm was
detected and the concentration of each purified RNA
fragment was calculated by assuming the extinction coef-
ficient to be 6.6× 103 M-1 cm-1 per residue. The
5′-triphosphate group of the precursor RNA was removed
by calf intestine phosphotase (CIP). T4 polynucleotide
kinase was used for 5′-end labeling, and a 10µL reaction
contained∼2 pmol of RNA, 2 pmol of [γ-32P]ATP (6000
Ci/mmol), 70 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5 mM
DTT, and 5 units of enzyme. After 1 h of incubation at 37
°C, the reaction was terminated by EDTA and urea. The
end-labeled RNA was gel purified.

The 5′-end labeled RNA (20 000-30 000 cpm for nuclease
digestion and 100 000 cpm for alkaline hydrolysis) that had
been denatured at 95°C for 3 min and cooled down to room
temperature beforehand was incubated with 50µg of carrier
tRNA in appropriate reaction buffer at 37°C for 10 min.
The nuclease digestion reaction was initiated by the addition
of 1 or 2µL of 2 × 10-2 units/µL of RNase T1 or 7× 10-3

units/µL of RNase V1 with the final volume of 10µL. The
RNase T1 digestion reaction was performed in 40 mM Tris-
HCl (pH 8.0), 1 mM EDTA, and 10 mM MgCl2 at 37 °C
for 10 min. The RNase V1 digestion reaction was conducted
in 25 mM Tris-HCl (pH 8.0), 200 mM NaCl, and 10 mM
MgCl2 at 37°C for 10 or 20 min. The alkaline hydrolysis
ladders were generated by heating the RNA in 50 mM
NaHCO3/Na2CO3 (pH 9.6) at 100°C for 3 min. To terminate
the digestion and hydrolysis reactions, an equal volume of
95% formamide/0.02% bromophenol blue/0.02% xylene
cyanol was added and the mixture was frozen in a dry ice/
ethanol bath. Samples were heated at 95°C for 1.5 min
before being analyzed by a 10% polyacrylamide gel contain-
ing 7 M urea.

RESULTS AND DISCUSSION

The cis-CleaVing Ribozyme

Rz 1 (Figure 1A) was derived from the autolytic domain
of HDV RNA by internal substitution and deletion. There
are four helices, i.e., H1, H2, H3, and H4, in Rz 1 that may
fold into a pseudoknot-like structure. Rz 1cis-cleaved
efficiently, and the rate of the first-order reaction was 0.46
min-1 (t1/2 ) 1.5 min) in the presence of 12 mM of
magnesium ion at 50°C (Table 1). Mutational analysis was
conducted in this study to investigate the role of H2 on the
cis-cleavage reaction of HDV ribozyme. Since a correctly
folded RNA is required for autolytic reaction and the rate
of cleavage is likely to be limited by the rate of folding, the
effect of H2 mutation on ribozyme folding can then be
evaluated.

H2 Deletion, Substitution, and Insertion Mutants.Variants
H2-1, H2-2, and H2-3 that had three or five AU base pairs
inserted to different locations of H2 cleaved at rates
comparable to that of Rz 1 (Figure 1D). In addition, the
insertion of 5′-C2A2-3′ to A62/A63 of Rz 1 that may elongate
H2 at the expense of shorteningJ1/2 elevated the cleavage
rate by∼3-fold (variant Rz 1.H2, Figure 1B and Table 1).
The high autolytic activity of these insertion mutants disclose
that the elongation of H2 does not affect the catalytic core
of HDV ribozyme and H2 is not likely to have stringent
sequence requirement. Therefore, H2 may protrude away
from the catalytic core.
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In contrast, variant∆16∆58 that had both A16 and U58
deleted and variant G61A that had one base pair mismatched

near the top of H2cis-cleaved poorly in the presence of 12
mM MgCl2 (Figure 1D). Thus, the shortening as well as

FIGURE 1: A, B, and C are the sequences and proposed secondary structures of Rz 1, Rz 1.H2, and A16U58.GC-H2, respectively. The Rz
1.H4 in (A) is an insertion mutant of Rz 1 that has five UA base pairs inserted to the top of the H4 of Rz 1. H1, H2, H3, and H4 are the
four double-stranded regions;J4/2 is the single-stranded region connecting H4 and H2; “x” is the cleaving point. (D) The helix 2 (H2)
mutants of Rz 1. Only the sequence of the H2 region of each mutant is shown. The substituted or inserted residues are illustrated by lower
case bold letters and “∆” indicates that the residue has been deleted. Thecis-cleavage reaction was conducted in the presence of 40 mM
Tris-HCl (pH 7.5) and 12 mM MgCl2 at 50°C after the RNA was denatured and renatured. Thet1/2 of thecis-cleavage reaction of reactive
RNA species and the molar ratio of the reactive RNA molecules of each variant are shown.
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the disruption of H2 severely decreased autolytic activity.
Nevertheless, mutants of variant H2-3 that had one or two
base pairs of the eight base-pair H2 mismatchedcis-cleaved
at rates only 2-5-fold slower than that of H2-3 (variants
H2-4 to H2-8, Figure 1D). Each of these five mutants was
more reactive than that of variant G61A. The results reveal
that the extension of H2 may counteract the negative effect
of the disruption of the base-pairing interaction in H2 on
ribozyme folding.
Importance of Coaxially Stacked Helixes.The importance

of the costacking of H2 and H3 for the folding of HDVcis-
cleaving ribozyme was examined by introducing a bulged
residue to the helix-helix interface. Two mutants were
constructed. Each of them had the U58 of variant Rz 1.H2
deleted and had an A or a G at position 16. Both mutants
(A16∆58.H2 and G16∆58.H2) cleaved at a rate∼100-fold
slower than that of Rz 1.H2 (Table 1). Thus, the interruption
of the stacking of H2 and H3 may severely affect the folding
of ribozyme molecule. Nevertheless, the bulged residue at
the interface of H2 and H3 had a more profound effect on
ribozymes containing a shorter H2. Variants A16∆58 and
G16∆58 of Rz 1 were much less active than variants
A16∆58.H2 and G16∆58.H2 (Table 1). The result also
reveals that the extension of H2 has positive effect on
ribozyme folding.
A16U58 Substitution Mutants of Rz 1.The H2 and H3 of

HDV ribozyme have been proposed to stack coaxially in the
pseudoknot-like structure model. The thermodynamic stud-
ies of a model system illustrate that the stability of coaxial

stacking interaction depends on the sequences of helix-helix
interfaces (Walter & Turner, 1994). We then examined
whether the sequence of nucleotides 16 and 58 of Rz 1 that
locate at the interface of the proposed coaxial helixes affects
the folding of HDV ribozyme. The A16U58 of Rz 1 were
replaced with all possible sequences. The rate ofcis-
cleavage of each mutant was assayed, and the results were
summarized in Table 1.
The mismatch of the last base pair of H2 (A16U58) by

substituting A16 to other sequences had almost no effect on
cis-cleavage reaction since variants G16U58, U16U58, and
C16U58 were as active as Rz 1. The replacement of the
U58 by a G, a C, or an A, in contrast, decreased the rate of
cis-cleavage 30-50-fold (variants A16G58, A16C58, and
A16A58, respectively). Nevertheless, the autolytic activities
of these position 58 substitution mutants could be restored
by the compensatory mutations at position 16 since variants
C16G58, G16C58 and U16A58cis-cleaved at rates compa-
rable to that of Rz 1. The positions 16 and 58 substitution
mutants U16G58, U16C58, C16C58, C16A58, and G16A58
cis-cleaved at rates only 2-6-fold slower than that of Rz 1,
whereas, the substitutions in variant G16G58 decreased the
rate of cis-cleavage∼40-fold. Therefore, although all of
the least active mutants had the last base pair of H2
mismatched, not all of the positions 16 and 58 mismatched
mutants possessed lower autolytic activity. The maintenance
of the base-pairing interaction of the last base pair of H2
may be important but is not critical for the folding of HDV
ribozyme. Similar conclusion has been obtained from the
mutational analysis of the homologous base pair of another
HDV ribozyme (Tanner et al., 1994). Nevertheless, since
the assay conditions were different, it is hard to directly
compare the relative autolytic activity of individual mutants.
Moreover, the insertions of 5′-C2A2-3′ to the A62/A63’s

of variants A16G58, A16C58, and G16G58 significantly
elevated their cleavage rates (variants A16G58.H2,
A16C58.H2, and G16G58.H2, respectively, Table 1). Nev-
ertheless, the same insertion had relatively small effects on
the rate and the extent of cleavage of other A16U58
substitution mutants. The variants were listed in Table 1.
Thus, the elongation of H2 may compensate for the negative
effect of unfavorable sequences at the helix-helix interface
as well.
Two of the least active A16U58 substitution mutants of

Rz 1 contain a G at position 58. It is possible that the U12-
C15 of variants A16G58 and G16G58 form base pairs with
G58-G61 instead of G59-A62. The formation of the
alternative H2 that introduces a bulge residue in the coaxial
helixes rather than the mismatch of the last base pair of H2
may account for the low autolytic activities of these two
mutants. To investigate this, we flip-flopped the CG pairs
of Rz 1, i.e., C13-C15/G61-G59, and re-examined the effect
of U58 to G58 substitution oncis-cleavage reaction. The
replacement of three CG pairs with three GC pairs alone
had no detectable effect (variant A16U58.GC-H2, Figure 1C
and Table 1). Nevertheless, the co-substitution of the last
base pair of H2 to A16G58 decreased cleavage rate∼30-
fold (variant A16G58.GC-H2, Figure 1C and Table 1). This
finding rules out the possibility that the formation of the
alternative H2 is the main cause of the lower autolytic activity
of variant A16G58. Furthermore, the replacement of the
A16U58 of variant A16U58.GC-H2 with an AA pair and
an AC pair decreased the rate ofcis-cleavage 8- and 45-

Table 1: Summary of the Half-Lives of thecis-Cleavage Reactions
of Ribozyme Rz 1 and Its Mutants

varianta
t1/2

(50 °C)b H2 extended varianta
t1/2

(50 °C)b

Rz 1 (wt, A16U58) 1.5′ Rz 1.H2 (A16U58.H2) 0.5′
Mutants with a Bulged Residue at the H2-H3 Interface
A16∆58 CSc A16∆58.H2 60′
G16∆58 CSc G16∆58.H2 45′
Substitution Mutants of Positions 16 and 58
G16U58 1′
U16U58 1′
C16U58 2′
A16G58 50′ A16G58.H2 5′
A16C58 70′ A16C58.H2 10′
A16A58 50′
C16G58 1′ C16G58.H2 1.5′
G16C58 1′ G16C58.H2 2′
U16A58 1′
U16G58 10′ U16G58.H2 8′
U16C58 3′ U16C58.H2 10′
C16C58 6′ C16C58.H2 1′
C16A58 10′ C16A58.H2 2′
G16A58 2′ G16A58.H2 8′
G16G58 65′ G16G58.H2 2′
Mutants with the CG Pairs of H2 Flip-Flopped
A16U58.GC-H2 1′
A16G58.GC-H2 30′
A16C58.GC-H2 45′
A16A58.GC-H2 8′

a Variants N16N58 and N16∆58 were derived from Rz 1, variants
N16N58.H2 and N16∆58.H2 were derived from Rz 1.H2, and variant
A16N58.GC-H2 was derived from A16U58.GC-H2 by substituting or
deleting the residue(s) of the last base pair of H2.b The cis-cleavage
reaction was conducted in 40 mM Tris-HCl (pH 7.5) and 12 mMMgCl2

at 50°C. The “t1/2” is the half-life of the first-ordercis-cleavage reaction
of the reactive RNA species.cCS represents only 20% of the RNA
moleculescis-cleaved after 6 h of incubation.
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fold, respectively (variants A16A58.GC-H2 and A16C58.GC-
H2, Table 1). Therefore, similar to that of Rz 1, AA, AC,
and AG are the less favorable sequences of the last base
pair of H2 of variant A16U58.GC-H2 as well. The results
confirm that the sequence of the H2-H3 interface may affect
the autolytic activity of HDV ribozyme.
Effect of H2 Elongation on Folding of the Ribozyme

Molecule. To detect the effect of H2 elongation on ribozyme
folding, we probed the secondary structures of Rz 1 and
variants A16G58, Rz 1.H2, and A16G58.H2 with RNases
T1 and V1 in the presence of 10 mM of magnesium ion.
The structures of the 3′ cleavage products rather than the
precursor RNA’s of the former three ribozymes were studied.
We think this was justified since the catalytic domain of
HDV ribozyme appears to reside entirely in the sequence 3′
to the cleavage site (Perrotta & Been, 1990, 1991). This
speculation is supported by the finding that the RNases T1
and V1 digestion pattern of the 3′ cleavage product of variant
A16G58 was almost indistinguishable from those of the
uncleaved precursor RNA (data not shown).
Regardless of the mismatch by the U58 to G58 substitution

at the last base pair of H2, the digestion patterns of variants
A16G58.H2 and Rz 1.H2 were almost indistinguishable. In
addition, Rz 1 and variant A16G58 also shared similar
digestion patterns (Figure 2). However, it is notable that
the elongation of H2 altered the RNase digestion patterns.
The 3′ strand of H2 of variants Rz 1.H2 and A16G58.H2
were readily accessible to nuclease V1. Consistently, the
G59, G60, and G61 of these two variants were resistant to
RNase T1, whereas the residues of the same region of Rz 1
and variant A16G58 were either weakly digested (the former)

or barely accessible to nuclease V1 (the latter). The results
illustrate that the elongation of the complementary sequences
between two strands of H2 enhances the stacking interactions
among the residues of the 3′ strand of H2 and stabilizes the
helical structure of H2. However, since the G10 and G11
of both variants Rz 1.H2 and A16G58.H2 were susceptible
to RNase T1, the base-pairing interactions between the
inserted 5′-C2A2-3′ and the residues of theJ1/2 region may
not be stable enough to maintain the helical structure because
of steric constrains. Alternatively, the stong RNase T1
cuttings in theJ1/2 region of these H2 extended mutants may
be due to secondary digestion. Some other features were
associated with the variants containing an extended H2: the
G25 of Lp3 as well as the G53 and G55 ofJ4/2 became
readily accessible to RNase T1 while the G residues ofJ1/4
became less susceptible to RNase T1; in addition, the 3′
strand of H1 was less sensitive to RNase V1, and the stronger
RNase V1 cutting sites were switched from the 3′ to the 5′
end of the H4/Lp4 region. Moreover, the G58 of variant
A16G58 was weakly cut by RNase T1 whereas the same
residue of variant A16G58.H2 was strongly hit by RNase
T1. These results suggest that the stabilization of H2 may
induce certain structural rearrangement of HDV ribozyme.
The alteration may stimulate the alignment of essential
functional groups and stabilize the catalytic core of ribozyme
molecule that have positive effect oncis-cleavage reaction.
Nonetheless, the details of the secondary structure change
cannot be resolved by RNase probing.
cis-CleaVage Reaction in the Presence of Formamide.The

cleavage rate of the wild type ribozyme Rz 1 decreased as
the concentration of formamide increased but the fraction

FIGURE 2: Probing the structures of different variants. The structures of the full-length RNA of variant A16G58 as well as the 3′ cleavage
products of Rz 1, variant Rz 1.H2, and variant A16G58.H2 were probed by RNases. “Control” represents the RNA without any treatment;
“OH” is the alkaline hydrolysis reaction; “T1” is the RNase T1 digestion reaction; and “V1 10′” and “V1 20′” indicate that the RNA was
treated by RNase V1 for 10 and 20 min, respectively. H1, H1′, H2, H2′, H3, H3′, Lp3, H4-Lp4,J1/2, J1/4, and J4/2 represent different
sequence domains of ribozyme molecule.
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of the reactive RNA molecules at the end ofcis-cleavage
reaction, i.e., the extent of cleavage, remained unaltered in
the presence of up to 10 M of formamide. The co-incubation
with 12.5 M of formamide, however, severely decreased the
extent of cleavage (Figure 3, Table 2). Thus, unlike some
of the other HDV ribozymes that require denaturant (either
formamide or urea) to destabilize the inactive structure(s)
of ribozyme molecules and elevate the autolytic activity
(Rosenstein & Been, 1990; Wu & Lai, 1990), Rz 1 possesses
lower autolytic activity in the presence higher concentrations
of formamide. The denaturant may destabilize the catalytic
core; consequently, folding into the active structure becomes

the rate-limiting step ofcis-cleavage reaction for Rz 1. We
then examined the effect of 0-12.5 M of formamide on the
cis-cleavage reactions of different ribozyme mutants. The
sensitivity to formamide treatment was used to evaluate the
stability of the catalytic cores of ribozyme mutants.
The six A16U58 substitution mutants that cleaved at

similar rates to that of Rz 1 were studied first (Table 2).
Variant C16G58 was very insensitive to formamide. The
incubation with 2.5, 6.25, or 10 M of formamide slightly
decreased its cleavage rate. In addition,∼50% of the RNA
molecules of variant C16G58 were reactive in the presence
of 12.5 M of formamide, and they cleaved at a rate only

FIGURE 3: Effect of formamide on thecis-cleavage reactions of Rz 1 and its H2 or H4 insertion mutants. Variant Rz 1.H4 had five UA base
pairs inserted to the top of the H4 of Rz 1, variant H2-1 had five AU base pairs inserted to the base of the H2 of Rz 1, and variant Rz 1.H2
had 5′-C2A2-3′ inserted to the A62/A63 of Rz 1.

Table 2: Effect of Formamide on thecis-Cleavage Reactiona

[formamide]

0 M 2.5 M 6.25 M 10 M 12.5 M
variant

Rz 1 1.5′ (90%) 4′ (90%) 20′ (90%) 75′ (90%) (20%)
C16G58 1′ (70%) 1.5′ (70%) 2′ (70%) 5′ (60%) 15′ (45%)
U16U58 1′ (85%) 1′ (70%) 2′ (65%) (35%) ND
C16C58 6′ (80%) 10′ (70%) 13′ (60%) (30%) ND
G16C58 1′ (80%) 1′ (80%) 50′ (60%) (25%) ND
G16U58 1′ (80%) 5.5′ (60%) (35%) (25%) ND
G16A58 2′ (60%) (35%) (20%) ND ND
G16G58 65′ (70%) 60′ (55%) (35%) ND ND
A16G58 50′ (55%) (20%) ND ND ND

Rz 1.H2 0.5′ (90%) 0.2′ (90%) 0.5′ (75%) 1.5′ (80%) 11′ (55%)
C16G58.H2 1.5′ (90%) 1.5′ (90%) 2.5′ (90%) 3′ (90%) 3′ (90%)
C16C58.H2 1′ (90%) 1′ (90%) 3.5′ (90%) 4′ (80%) 16′ (75%)
G16C58.H2 2′ (80%) 3′ (80%) 3.5′ (80%) 5′ (75%) 70′ (70%)
G16G58.H2 2′ (90%) 2′ (90%) 2′ (90%) 5′ (90%) 50′ (80%)
A16G58.H2 5′ (90%) 7′ (90%) 9′ (90%) 30′ (90%) 58′ (75%)

a Thecis-cleavage reaction was conducted in 40 mM Tris-HCl (pH 7.5) and 12 mM MgCl2 at 50°C in the presence of 0-12.5 M of formamide
as described in Materials and Methods. Thet1/2 values of thecis-cleavage reaction as well as the molar ratio of the RNA molecules that undergo
cis-cleavage are shown. The extent of cleavage after 6 h of incubation is shown if the reaction does not level-off.
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∼15-fold slower than that of in the absence of any denaturant.
In the case of variants C16C58 and U16U58, thecis-cleavage
reactions were barely affected by 2.5 and 6.25 M of
formamide, while higher concentrations of formamide sig-
nificantly decreased their autolytic activities. Both variants
G16C58 and G16U58 were quite active in the presence of
2.5 M of formamide. However, the incubation with 6.25 M
of formamide severely decreased the rate ofcis-cleavage or/
and the fraction of the reactive RNA molecules. Variant
G16A58 cleaved poorly in the presence of 2.5 M of
formamide. Therefore, although Rz 1 and thesecis-cleaving
ribozymes possessed similar autolytic activities under the
native condition (in the absence of formamide), their
resistance to formamide varied with the order of C16G58>
Rz 1 (A16U58) > U16U58 = C16C58 > G16C58 >
G16U58> G16A58. It is notable that there is no direct
correlation between the maintenance of Watson-Crick base
pairing and the resistance to formamide. The results disclose
that the sequence of H2-H3 interface may affect the stability
of ribozyme molecule.
Variant Rz 1.H2 that contained a more stable H2 and

variant H2-1 that had H2 extended by five AU pairs were
more resistant to formamide treatment than that of Rz 1
(Figure 3, Table 1). The insertion of 5′-C2A2-3′ to A62/
A63’s of the A16U58 substitution mutants C16G58, C16C58,
G16C58, G16G58, and A16G58 not only enhanced the extent
of cleavage but also increased the rate of cleavage in the
presence of formamide (Table 2). Likewise, the correlation
between the resistance to formamide and the stability of H2
has been observed for a ribozyme derived from HDV
antigenomic sense RNA as well (Smith et al., 1992).
Nevertheless, the extension of H4 by inserting five UA pairs
to the top of H4 did not have such effect (Rz 1.H4, Figure
3). These results disclose that a more stable H2 but not H4
may stabilize the catalytic core and enhance the autolytic
activity of HDV ribozyme.

The trans-CleaVing Ribozyme

We have constructed a bimolecular construct RNA73/
RNA37 by dividing acis-cleaving HDV ribozyme into two
subdomains from regionsJ1/2 and Lp4 after the wild type 5′
and 3′ termini were ligated (Lai et al., 1996). The ribozyme
subdomain (RNA37) may interact with the substrate subdo-
main (RNA73) that contains circularly permuted sequences
through the formation of H1, H2, and H4 to reconstitute the
pseudoknot-like structure of HDV autolytic domain (Figure
4). In addition, the ribozyme catalyzed the site-specific
cleavage of the substratein trans (Lai et al., 1996). In this
study, we elongated the H2 of construct RNA73/RNA37
from 5 to 10 base pairs long by inserting 5′-GCU-3′ to near
the 5′ terminus of the ribozyme molecule. The new construct
was named RNA73/LH2RNA37 (Figure 4). The effects of
H2 extension on thetrans-cleavage reaction of HDV
ribozyme was investigated.
Single-TurnoVer Reaction.Thetrans-cleavage of RNA73

was followed under single-turnover conditions with ribozyme
in excess of substrate. The cleavage of RNA73 was not
completed even though it was incubated with 50 molar excess
of ribozyme, and the extent of cleavage leveled off at 50%
and 60% for constructs RNA73/RNA37 and RNA73/
LH2RNA37, respectively (data not shown). For both bi-
molecular constructs, there was an initial lag of product

formation if the substrate and ribozyme RNA’s were not pre-
annealed. The co-denaturation and renaturation treatment
of substrate and ribozyme RNA’s enhanced the rate of
product formation (Figure 5A and B). In addition, the
cleavage reactions of both constructs followed the first order
kinetics if two subdomains were pre-annealed. Thus, the
pre-annealing of two subdomains may facilitate the assembly
and/or the conformational rearrangement of substrate/ri-
bozyme complex for catalysis.
Experiments with pre-annealed substrate and ribozyme

RNA’s were then used to estimate the cleavage rate constants
of constructs RNA73/RNA37 and RNA73/LH2RNA37. The
rate of product formation was measured in the reactions with
ribozyme in excess of substrate, therefore, a completetrans-
cleavage reaction did not require product release. The single-
turnover rate (kob) increased with increasing concentrations
of ribozyme, and the cleavage rate approached a constant
value at ribozyme concentrations above 50 nM (Figure 5C).
The cleavage rate constant (k2) andK′M, respectively, were
derived from theY-intercept and the slope of the plot ofkob
versuskob/[R] (Figure 5D). Thek2 of construct RNA73/
LH2RNA37 was ∼6-fold higher than that of construct
RNA73/RNA37 (0.98 min-1 versus 0.17 min-1), while there
was only a 2-fold difference between theK′M of two
constructs (∼30 nM for the former and∼15 nM for the later).

FIGURE 4: Sequence and proposed secondary structure of the
bimolecular constructs RNA73/RNA37 and RNA73/LH2RNA37.
The reconstitution of the pseudoknot-like structure of HDV autolytic
domain relies on the base-pairing interactions of H1, H2, and H4.
Residues of the substrate subdomain (RNA73) are underlined.
Residues of the substrate and ribozyme subdomains that are different
from those of Rz 1 are illustrated by lower case bold letters.
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The results illustrate that the elongation of H2 elevates the
trans-cleavage rate.
Furthermore, thetrans-cleavage reactions were carried out

in the presence of 0-10 M of formamide (Table 3). The
cleavage rate of construct RNA73/RNA37 decreased as the
concentration of formamide increased; in addition, thetrans-
cleavage reaction did not occur in the presence of 10 M of
formamide. Construct RNA73/LH2RNA37 was more re-
sistant to denaturant treatment. The concentration of for-
mamide could be as high as 7.5 M without significantly
affecting the cleavage rate (kob) and the co-incubation with
10 M of formamide decreased the cleavage rate∼10-fold.
Thus, similar to that of thecis-cleaving HDV ribozymes,
the elongation of the H2 of the bimolecular construct
enhances the resistance to formamide as well. It is notable
that the co-incubation with formamide slightly increased the
amount of the reactive species of substrate molecules for
both bimolecular constructs (Table 3). It is likely that
optimum amount of denaturant may elevate the extent of
cleavage by destabilizing certain alternative substrate/ri-
bozyme complex(es) and substrate/substrate complex(es).

Multiple-TurnoVer Reaction. In the multiple-turnover
reaction catalyzed by 2.5 nM of RNA37, each ribozyme
molecule on an average catalyzed the cleavage of eight
molecules of RNA73, and almost all of the cleavable RNA73

FIGURE 5: Single-turnover reactions of constructs RNA73/RNA37 and RNA73/LH2RNA37. (A, B) The pre-annealing of substrate and
ribozyme RNA’s promotes single-turnover reactions. 2.5 nM of substrate (RNA73) and 10 nM of ribozyme [RNA37 for A and LH2RNA37
for B] were pre-annealed (S×R) or not (S+R) before the initiation oftrans-cleavage reaction. The amount of substrate remaining was
normalized to the reactive species of each bimolecular construct. The rate constant (kob) was derived from the first-order disappearance of
reactive substrate. With pre-annealed RNA’s, the value ofkob was 0.07 min-1 for construct RNA73/RNA37 and 0.24 min-1 for construct
RNA73/LH2RNA37. (C, D) The elongation of H2 stimulates single-turnover reaction. The substrate and ribozyme RNA’s have been pre-
annealed. Rates constants for reactions with fixed amount of substrate and varying concentrations of ribozyme were obtained from the
first-order disappearance of reactive substrate. The plots ofkob versus ribozyme concentration, [R], are shown in C. The plots ofkob versus
kob/[R] are shown in D.

Table 3: Effect of Formamide on thetrans-Cleavage Reactions of
Constructs RNA73/RNA37 and RNA73/LH2RNA37a

ribozyme RNA37 ribozyme LH2RNA37

[formamide] kob (min-1) Sactive kob (min-1) Sactive

0 M 0.070 50% 0.24 60%
1.25 M 0.050 50% 0.20 60%
2.5 M 0.047 60% 0.18 60%
5 M 0.027 70% 0.35 70%
7.5 M 30% (3 h) 0.17 70%
10 M 0% (3 h) 0.02 55%
a The cleavage of 2.5 nM of RNA73 catalyzed by 10 nM of RNA37

or LH2RNA37 in 40 mM Tris-HCl (pH 7.5) and 12 mM MgCl2 at 50
°C. The substrate and ribozyme RNA’s were co-denatured and
renatured in the presence of 0-10 M of formamide before the initiation
of trans-cleavage. Thekob’s are the rates of the first-order disappearance
of reactive substrate RNA73.Sactive is the fraction of RNA73 that has
been cleaved, and the value after 3 h of incubation is shown if the
trans-cleavage does not level-off.
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molecules were digested after 100 min of incubation (Figure
6). However, the cleavage rate became slower at later times;
therefore, product release may occur at a rate slower than
or on the same order as the cleavage process for this
bimolecular construct. Nevertheless, there was an initial
burst of product formation followed by slower product
formation for the cleavage of RNA73 catalyzed by 2.5 nM
of LH2RNA37. In addition, the maximum turnover number
did not exceed 3 (Figure 6). The elongation of H2 may
significantly enhance the affinity between the 5′-cleavage
product and ribozyme molecule. This speculation is con-
sistent with the finding that when the 5′-cleavage product
of RNA73 was incubated with excess amount of ribozyme,
ribozyme LH2RNA37 formed cleavage product/ribozyme
complex that persisted through native gel electrophoresis at
lower concentrations than that of ribozyme RNA37 (data not
shown). Thus, product release is rate limiting for construct
RNA73/LH2RNA37, and the subsequent binding of intact
substrate is hindered.

SUMMARY

The HDV cis-cleaving ribozyme derived from the auto-
catalytic domains of HDV genomic and antigenomic senses
RNA contains four helical regions (H1, H2, H3, and H4).
Two of the helices (H2 and H3) may stack coaxially. Hence,
the ribozyme molecule is likely to adopt a pseudoknot-like
structure (Perrotta & Been, 1991). In this study we have
shown that the H2 of HDV ribozyme could be extended to
twice of its original size without affectingcis-cleavage
reaction. Nevertheless, the deletion or substitution mutations
that destabilized H2 and the introduction of a bulged residue
to the junction of H2 and H3 greatly decreased autolytic
activity. Therefore, the helical structure of H2 as well as
the continuity of H2 and H3 are important for the folding of
ribozyme molecule, but H2 by itself may protrude away from
the catalytic center as proposed in the 3D structural model
(Tanner et al., 1994).
The A16U58 of ribozyme Rz 1 was substituted to all

possible sequences to investigate the effect of H2-H3
interface sequence on the autolytic activity of HDV ri-

bozyme. The mutational analysis discloses that AG, AA,
AC, and GG mismatched base pairs were the least favorable
sequences of nucleotides 16 and 58 of Rz 1 since the
corresponding mutantscis-cleaved at significantly lower rates
than ribozyme Rz 1 whereas all of the other A16U58
substitution mutantscis-cleaved reasonably well. Thus, the
sequence of the last base pair of H2 rather than its base-
pairing interaction affects the catalytic core. Moreover, the
stability of the catalytic cores of certain A16U58 substitution
mutants were compared by detecting the effect of formamide
on theircis-cleavage reactions. The results reveal that the
stability of the catalytic core of ribozyme molecule is affected
by H2-H3 interface sequence. Nevertheless, there was no
direct correlation between the maintenance of the helical
structure of H2 and the stability of the catalytic core since
variants U16U58 and C16C58 possessed higher autolytic
activities than variants G16C58 and G16U58 in the presence
of 6.25 M of formamide. In addition, for certain A16U58
substitution mutants, the resistance to the denaturant treat-
ment did not follow the order of the sequence dependence
of stability of the coaxially stacked interfaces (Walter &
Turner, 1994). For instance, the resistance to formamide
has the order of variant C16G58> Rz 1 (A16U58)> variant
G16C58, while the thermodynamic parameter of coaxial
stacking helices has the order of 5′GC (represents the last
base pair of H2)-5′GC (represents the first base pair of H3)
> 5′CG-5′GC > 5′AU-5′GC. Thus, the steric constrains
associated with the direct linkage of H1, H2, and H3 may
distort the coaxial helices of H2 and H3 and disrupt the base-
pairing interaction between nucleotides 16 and 58.
H2 and H4 are essential structural elements of HDV

ribozyme. Nevertheless, unlike that of the other two double-
stranded regions, H2 and H4 can be variable in size and in
sequence (Wu & Huang, 1992; Wu et al., 1993). These two
helices may extend out of the catalytic center of ribozyme
molecule. In this study we have found that the extension of
the H2 region may facilitate thecis-cleavage reaction of HDV
ribozymes by elevating the cleavage rate and enhancing the
stability of the catalytic core. However, the elongation of
the H4 region of HDV ribozyme does not have such effects.
In addition, an extended H2 may compensate for the negative
effects on thecis-cleavage reaction/the folding of HDV
ribozyme that include the disturbance of the continuity of
H2 and H3, the unfavorable sequences at the bottom of H2,
as well as the mismatched base pair(s) in H2. We propose
that a more stable H2 not only facilitates guide the folding
of the catalytic core but also alters the rate limiting step of
cis-cleavage reaction. Moreover, the ribonuclease probing
experiment has illustrated that an extended H2 may alter the
conformation of HDV ribozyme. The extended H2 is likely
to participate in tertiary interactions that alter the structure
of ribozyme molecule, and the structural alteration may
stimulate the alignment of the functional groups that are
involved in catalysis.
Furthermore, the elongation of H2 may stimulate the

reconstitution of the pseudoknot-like structure of thetrans-
cleaving HDV ribozyme (RNA73) and its substrate (RNA37)
that rely on the base-pairing interactions of H1, H2, and H4.
The stronger base-pairing interaction of the extended H2 in
the bimolecular construct stabilizes the catalytic core and
elevates thetrans-cleavage rate, whereas the release of
cleavage product from the ribozyme RNA is inhibited. A
more stable H2 also has a positive effect on thetrans-

FIGURE 6: Effect of the elongation of H2 on multiple-turnover
reactions. 40 nM of substrate (RNA73) was pre-annealed with 2.5
nM of ribozyme before the initiation oftrans-cleavage reaction.
The number of moles of product generated per mole of ribozyme
([P]/[R]) versus reaction time is plotted. Thetrans-cleavage reaction
was catalyzed by RNA37 or LH2RNA37.
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cleavage reaction of HDV ribozyme. However, unlike that
of the hammerhead ribozymes (Dahm et al., 1993), thecis-
and the trans-cleavage reactions of HDV ribozymes are
insensitive to pH change between pH 6.5 and 8 [Wu et al.
(1989) and unpublished observations of this laboratory].
Therefore, it is hard to distinguish whether the effect of the
elongation of the H2 region is due to the stimulation of the
chemical process of cleavage reaction or the enhancement
of the rate of conformation rearrangements.
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