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ABSTRACT

In our previous attempt at  in vitro selection of a trans-
acting human hepatitis delta virus (HDV) ribozyme, we
found that one of the variants, G10-68-725G, cleaved a
13 nt substrate, HDVS1, at two sites [Nishikawa,F.,
Kawakami,J., Chiba,A., Shirai,M., Kumar,P.K.R. and
Nishikawa,S. (1996 ) Eur. J. Biochem ., 237, 712—718].
One site was the normal cleavage site and the other
site was shifted 1 nt toward the 3 '-end. To clarify the
interactions between nucleotides around the cleavage
site of the trans -acting HDV ribozyme, we analyzed the
efficiency of the reaction for every possible base pair
between the substrate and the ribozyme at positions
-1 (-IN:726N) and +1 (+1N:725N) relative to the
cleavage site using the genomic HDV ribozyme,
TdS4(Xho), and derivatives of the most active variant,
G10-68. These mutagenesis analyses revealed that the
+1 base of the substrate affects the structure of the
catalytic core in the complex with G10-68-725G,
substrate and divalent metal ions, and it shifts the
cleavage site. In a comparison with other variants of
the trans-acting HDV ribozyme, we found that this
cleavage site shift occurred only with G10-68-725G.

INTRODUCTION

The genome of the human hepatitis delta virus (HDV) is
single-stranded circular RNA afLl700 nt, which appears to
replicate through a rolling circle RNA-to-RNA pathway, as do

and to define the structure of the catalytic core of the HDV
ribozyme (reviewed i8,9). We also constructed several variants
with point and random mutations in single-stranded and stem
regions {0-14). Results of further chemical probing studiEs) (

and an analysis of the interference by phosphorothioate substitutions
(16) have elucidated important bases and phosphates. A model of
the tertiary structure of the HDV ribozyme has been proposed
based on the pseudoknot structut&,X8). It was recently
suggested that this pseudoknot structure probably exists and
functionsin vivo (19). In attempts to design @ansacting
ribozyme capable of the site-specific cleavage of a substrate, the
cisacting HDV ribozyme has been truncated and divided into
substrate and ribozyme portiois2(0-22).

In our previousn vitro selection study ofrans-acting HDV
ribozymes 23), we obtained a dominant clone, designated
G10-68, from the random RNA pool based on the truncated
transacting HDV ribozyme, TdS4(Xho). TdS4(Xho) is con-
structed from the original sequence by shortening stem IV, which
is not important for activity (Figla). Further investigations
indicated that the G10-68-725G variant, with a change at 725C to
725G in G10-68 (Figl), cleaved the substrate at two sites and
yielded two types of products. The new product was generated
because the cleavage site was shifted to the +1 position relative
to the original site due to the mutation. Several analyses involving
the mutagenesis of ttas-acting HDV ribozyme around the

leavage site have been previously reported, but cleavage site
shifting has not been studied thorougtdy?{,25).

In this study, we focused on the base specificity at the cleavage

some plant pathogenic RNA viruses§). Both genomic and Site- To study the relationship between base pairing and the
antigenomic HDV RNAs have self-cleavage activity (ribozyme§leéavage site shift, we constructed derivatives of the substrate
in the presence of divalent metal ions, producing3x@clic ~ (HDVS1) and the ribozyme (TdS4(Xho) and G10-68), and
phosphate and-®H group (—2) as do other known ribozymes, measured cleavage efficiency. We compared results for every
such as hammerhead and hairpin ribozymes. However, tgembination of bases in the substrate and ribozyme at a position
primary sequence does not resemble those of the ribozymes of@igsignated —1 (-1N:726N) and +1 (+1N:725N) relative to the
latter two types and details of the reaction mechanism af@rmal cleavage site. In this study, we find that, in the case of the
unknown. G10-68-725G ribozyme, the +1 base of the substrate determines

Several models of the secondary structure have been propotiegicleavage site specificity. We further find that this phenomenon
for genomic and antigenomic HDV ribozymes-{). Many is characteristic of the reaction catalyzed by this mutant
attempts have been made to understand the roles of different bagsszyme.
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Figure 1. Secondary structures of genontiansacting HDV ribozyme -
TdS4(Xho) @) and a variant, G10-68), and representations of mutations at of an equal volume of stop solution (9 M urea, 50 mM EDTA,

cleavage sites, —1N:726k) @nd +1N:725Nd). Numbering is based on that

of Makino et al (32). Open letters indicate bases different from those in
TdS4(Xho). Small letters do not originate from HDV. Bdttahd 3-sequences

of small letters indicate vector derived sequences. To truncate the original ste

plasmids after digestion witkbd, and purified on 8% polyacryl-
amide denaturing gel that contained 7 M urea.

Mutants of trans-acting ribozymes [TdS4(Xho) and G10-68]

Thetransacting ribozymes TdS4(Xho) and G10-68 (Ejgvere
constructed as described previoud$)( Mutant variants were
prepared using a system for oligonucleotide-direateditro
mutagenesis (Amersham) after isolation of the single-stranded
DNA. Primer sequences were as follows (mutated bases are
underlined):

G10-68-725N, d[GAATGTTACA.C, T)\GCCGGCACCA];

G10-68-726N, d[AGAATGTTACA,G.T)GGCCGGCACC];

a-1, d(AATGTTGCCCGCCGGCGCCA);

b-1, d(CCGAAGAATGIECGGCCGGCA);

b-2, d(CCGAAGAATGICOGCCGGCACCA);

b-3, d(GAATGTTACCGCCGGCACCA).

Cloning and vectors

Vector pUCT7 was a modified version of pUC118; it included the
promoter for T7 RNA polymerase and Xhd site at the
EcdaRI-BanHI site (L4). All experiments were conducted with
Escherichia colMV1184 as the host. Plasmid DNA was prepared
from an overnight culture and purified with QIAGEN-tip 20
(QIAGEN).

Cleavage activity of ribozymes

The 3-end of each substrate was labeled witf?P]ATP by T4
polynucleotide kinase (Takara). The cleavage reaction was
conducted under ribozyme saturating (single-turnover) conditions as
follows: 5 or 10uM ribozyme, 0.01uM substrate, 10 mM Mg

in 50 mM Tris—HCI (pH 7.4) at 3T. The reaction solution
containing the ribozyme and substrate in Tris—HCI solution
without MgCb was denatured at 9C for 2 min and then the
solution was cooled on ice. The solution was then incubated at
37°C for 10 min and the reaction was initiated by addition of
MgCl, solution. At appropriate times, aliquots of the reaction
mixture were removed and the reaction was stopped by addition

0.1% bromophenol blue and 0.1% xylene cyanol) on ice. After
electrophoretic fractionation on a gel that contained 20%
polyacrylamide and 7 M urea, the radioactivity of the bands

IV, the wild-type sequence from nt 736 to 758 was changed to include UUCGJSubstrate, 13 nt; product, 3 or 4 nt) on the gel was determined
sequence by small letters. Arrows indicate cleavage sites. HDVS1 is a 13mewith a Bioimaging Analyzer (BAS2000; Fuji Film).

substrate.

MATERIALS AND METHODS

Synthesis of substrates and ribozymes

Cleavage activity was indicated by the rate of cleaved product
formation. For kinetic analysis, we used a simple pseudo-first
order equation: cleaved yield (%) = [EP]- (I ¥)gTable1) and
experimental data were fitted to a cur2@)( This is based on the
assumption that under the excess ribozyme condition, substrates
are saturated for the ribozyme at time zero. The reverse rate
constants for the formation of active and inactive complexes are

All oligonucleotides were synthesized on an automated DNA/RN#@ery much smaller than the rate constant for cleavage. Thus,
synthesizer (model 392 or 394; Applied Biosystems). DNA ansglubstrate cleavage would proceed as a first order reaction. The
RNA phosphoramidites were purchased from Glen Researalieavage reaction consists of two steps, namely conformational
Products were purified as described in the user bulletin from ABhange and chemical reaction. From our kinetic analysis, we
(no. 53; 1989) with minor modifications.
Substrates sequences (—1N HDVS1, +1N HDVS1) were abange or chemical step.
follows. —IN HDVS1, 5GA_1(A,U,C,G)GGCCGGCAUG-3
+1IN HDVS1, 5GAU;1(AU,C,G)GCCGGCAUG-3 All ribo-
zymes were prepared by run-off transcription (AmpliScribe T{pH 9.2) containing 1 mM EDTA andug carrier tRNA for 9 min
transcription kit; Epicentre Technologies) of the appropriatat 90°C. The partially digested HDVS1 was loaded as a size marker.

cannot conclude thatyps reflects either the conformational

Alkaline hydrolysis ladders of HDVS1 were generated by
incubating the Slabeled HDVS1 in 50 mM NaHCINayCOs
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Table 1.Cleavage efficiency for base pair combinations that involve the —1 position

TdS4(Xho)-726N G10-68-726N
/ N ' N\
Rz A U C G A U C G
-IN HDVS1 Kops i) EP () Ko (min!) EP @0

1A nd nd nd 0.430 [83] nd nd nd 0.207 [66]
-1U nd nd nd 190 [77] nd nd  <1% 105 [81]
-1C nd nd nd 0.674  [81] nd nd <19 0049  [61]
1G nd nd nd 0.092  [49] nd nd nd 0074 [69]

Ribozyme, G10-68-726N or TdS4(Xho)-726N; substrate, —1N HDVS1. [Ribozymel 1Bubstrate], 0.0iM; [Mg2+*], 10 mM and 50 mM Tris—HCI (pH 7.4)
at 37C. Values in brackets are end points (EP) of reactions calculated from the pseudo-first order equation: fraction cleaved (%) ZERY(he-eeavage
reaction was detected in 60 min. In cases of low cleavage activity, percentage cleavage after 60 min is shown.
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Figure 2. (a) Cleavage of HDVS1 by ribozymes [TdS4(Xho), G10-68-725N] and the alkaline-generated ladders of HDVS1, as analyzed by 20% PAGE containi
7 M urea. §) Cleavage of substrates (+1N HDVS1) by ribozymes (G10-68-725G-726N), as analyzed by 20% PAGE containing 7 M urea. Cleavage reactions v
conducted under the standard conditions (see Materials and Methods) for 60 min and reaction products were subjected to denab)riffgeRAGPproduct in

lanes 1-4 (from the left) migrates higher than in other lanes, which is caused by the sequence difference and it was confirmed by the alkaline generated ladder «
substrate (data not shown).

RESULTS AND DISCUSSION changed to 725G, produced two cleavage products from a 13mer
substrate, HDVS1. Cleavage patterns on a 20% polyacrylamide
The pseudoknot secondary structures of genomic and antigenoigéd containing 7M urea are shown in FigeaeCleavages by this
HDV ribozymes consist of two stems (|, II), two stem—loops (Illfibozyme were observed at two sites, the original one and a site
IV) and three single-stranded regions indfseacting structure one base closer to theehd, as was confirmed by partial alkaline
(5,13,17,26). Based on this pseudoknot secondary structure, thgdrolysis of the substrate. This two site cleavage seemed
trans-acting HDV ribozyme TdS4(Xho) was designed (Em).  specific to some sequences around the cleavage site. In the preser
by separation of the structure into two molecules at the junctictudy, to obtain more details about the base specificity around the
between stem | and Il, and truncation of stem28¥).(A variant  cleavage site of thi#ansacting HDV ribozyme, we modified
G10-68 £3) which was obtained b vitro selection has several TdS4(Xho), G10-68 and the substrate HDVSL1 (Ei/laterials
base changes compared with TdS4(Xho) (open letterslfyig. and Methods) and examined their effect on cleavage reactions.
When we examined the effect of mutation on G10-68, we fourSichematic representations of sites of cleavage of substrates by
that one of the variants (G10-68-725G), in which 725C wasgbozymes are shown in Figute and d.
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Table 2.Cleavage activity for combinations that involve base pairs at the +1 position

Kobs (min-1) [% cleavage]

Rz G10-68-725N TdS4(Xho)
+1N HDVS1 725A 725U 725C 725G 725U
+1A 0.003 [9] 0.279 [55] 0.137 [63] 0.027 [32] 0.661 [66]
*nd *nd *nd *0.026 [22] *nd
+1U 0.011 [35] 0.006 [18] 0.002 [<5] [<4] [<2]
*nd *0.003 [<7] *[<1]  *0.094 [68] *[<1]
+1C [<1] 0.004 [11] 0.009 [<6] 0.516 [70] [<1]
*nd *0.013 [<6]  *0.002 [<4] *nd *nd
+1G 0.008 [25] 0.890 [85] 1.05 [81] 0.011 [26] 1.90 [77]
*nd *nd *nd *0.011 [19] *nd

Ribozyme, G10-68-725N or TdS4(Xho); substrate, +1N HDVS1. [Ribozyme]Mt@substrate], 0.0uM; [Mg2+*], 10 mM and 50 mM Tris—HCI (pH 7.4) at
37°C. An asterisk indicates the 4 nt product (+1 shift in the cleavage site). Values in brackets show the percentage cleavage after 60 min.

Changes in cleavage efficiency with various base pairs of 726G might be involved in some interactions with the substrate
at the —1 position (-1N:726N) or other partsi).

The position designated —1N corresponds to thmase of the Changes irj 'cleavage efficiency with various base pairs at
cleavage site and it is linked to stem I, in which 7 bp are requirdge +1 position (+1N:725N)

for cleavage by the HDV ribozyme4). To clarify the specificity 14 ¢jarify the base specificity and its effect on site-specific

of this base and the site of action of tansacting HDV cleavage, we investigated all combinations between +1N of
ribozyme, we investigated all combinations of base pairs betwegjihy/s1 and G10-68-725N or TdS4(Xho) (Fig) in terms of the

the —1N nucleotide in the substrate, HDVS1, and the ”bozym‘%ﬁeavage reaction rate (TabB®. In both the G10-68 and
TdS4(Xho)-726N and G10-68-726N (Figc). The cleavage Tgs4(xho) ribozymes, the +1G:725U (original form) wobble
efficiencies are summarized in Table\s clearly shownin Table  pase pair allows significant cleavage activity, as it does in the
726G in both the TdS4(Xho)-726N and G10-68-726N r'bozym%tigenomic HDV ribozyme 8(27). The activities of

is indispensable to cleavage reactions. In contrast, the —HN0.68-725N with various substrates can be ranked as follows:
position in the substrate could accommodate any base, althoyghn:725N) G:Py > C:G > A:Py >> A':G > N:A, Py:Py, G:Pu >>
the rate of cleavage differed among combinations of bases. TQjss_ A similar tendency was observed with wild-type TdS4(Xho):
result closely agrees with that observed withcteacting HDV Pu:Py (G:U > G:C > A:U) >> Py:Py (U:U, C:U).
ribozyme @7). The cleavage rate was highest with the wobble wjth the G10-68-725G variant, distinct cleavage reactions
base pair —1U:726G, followed by C:G > A:G > G:G ingccurred at two neighboring phosphates—one at the original
TdS4(Xho) and A:G > G:G > C:G in G10-68. In the case Ofleavage site and the other at an adjacent site—to yield products
G10-68, the +1 position forms a stable G:C Watson—Crick bagg 3 and 4 nt as a result of labeling thgBosphate. With the
pair. Thus, when stem | is extended by an additional canonicel U:725G wobble base pair, the 4 nt product was generated
base pair (-1C:726G), the stem | structure becomes more stablgnost exclusively (Figb, 9th lane from the left). In contrast, the
especially near the cleavage site, by changing from a wobble bagghle C:G Watson—Crick base pair generated only a 3 nt product
pair to a Watson—Crick base pair. It is probably not suitable fgFig. 2b, lane 5). In the case of the (G, A):G base pair, both
local conformation of the cleavage site, as a result the rate of if@ducts were produced in equal amounts ZBiganes 1 and 13).
cleavage reaction is reduced. The original sequence around fig noteworthy that only one base, +1N, affected the environment
cleavage site (+1 or —1) has a G-U wobble base pair and thigund the cleavage site and caused a +1 shift in this site.
wobble base pair appears to be important for the cleavage reactionhe results on the effect of the —1 position (~1N:726G) in
27). Tablel indicated that the counter base on treide of the cleavage
Experimental data for TdS4(Xho) demonstrated the lowite, 726G, was essential to normal cleavage (3 nt product). Was this
activity associated with —1G:726G, as reported for the antigenomipservation allowed for in the G10-68-725G-726N variant?
HDV ribozyme 6,24). A:G can easily form a wobble base pairwhen the 4 nt product was generated (+1N:725G), the counter
(28), and G:G can also interact. However, steric hindrandease of +1N was settled to 725G. Whereas when a 3 nt product
reduces the efficiency of the cleavage reaction. In conclusion, thes produced (—1U:726N), the counter base of —1U should be
base (726N) opposite of the substrate base at the —1N site musi®@G. The results shown in Figutie confirm this hypothesis.
G. We previously reported that 726G was essential to theor normal cleavage by th@nsacting HDV ribozyme, 727G is
cis-acting HDV ribozyme as shown in a mutagenesis stujy ( also important (data not shown), as observed ircitaacting
Our previous chemical probing analysis also indicated that NHDV ribozyme (L1). The predicted duplex stability of stem I,
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Substrate  Ribozyme Table 3. Comparison of cleavage efficiencies by various derivative
3 5 3 5 3 5 3 5 ribozymes
WE( WE( WEF WE( Rz a-t b1 b2 b3
1_’(1\}1—% _.G—C _‘(1\}1_%} Tg_g < A@ +1N HDVS1 % cleavage % cleavage % cleavage % cleavage
+ G725 +1 N C725 +1 G725 + 726
U G *uc6 , TuG , *uc | HA 9 7 10 nd
é‘* % A G J éx GJ A % Y, *<<l *nd *c] *e]
5' C j 5'G G 5' s'G A <
AA +1U <<1 3 nd
* <] *4 *6 *2
a-1 b-1 b-2 b-3
+1C 27 5 84 nd
74 *
Figure 3. Comparison of secondary structures of ribozyme derivatives with *nd " nd *nd
changed SSrA (I-1V junction) sequence that catalyzed two cleavage reactions +1G 13 87 7 nd
and HDVS1 +1N that formed stem I. All variants are based on TdS4(Xho) and *nd *nd *nd #nd
G10-68. a-1, the 725 substituent of TdS4(Xho); b-1, a G10-68 variant

possessing the antigenomic-like junction sequence; b-2, the 725 substituent of
b-1; b-3, the 725C deletion mutant of G10-68. Arrows indicate cleavage sitesRibozymes, a-1, b-1, b-2 and b-3; substrate, +1N HDVS1; [ribozym®); 5
and their sizes represent the relative efficiencies of cleavage reactions. Ope[substrate], 0.0M; [Mg2*], 10 mM and 50 mM Tris—HCI (pH 7.4) at 3C.

letters indicate changed nucleotides from original sequences (see the text)rhe percentage cleavage after 60 min is shown. An asterisk indicates the 4 nt
Junction sequences between stems | and IV are showntfanthacting HDV product (+1 shift in the cleavage site).

ribozyme.

the yields were very low, a shift of cleavage was observed only
which contains the terminal base pair +1N:725G, is not signifin the non-Watson—Crick base pairs at (+1N:725G/C), as
cantly altered. Calculations of the free enedy37) of the  described in the previous section (Table
duplex stability with various base pairs (for +1N:G) yielded —12.8 |f the +1 shift in the cleavage site can be explained by the
(U:G), -13.1 (G:G or A:G) and -13.2 kcal/mol (C:GJ)( structures of base pairs at the —1 and +1 positions »#heG,

Our thiophosphate modification interference experimed)t ( any HDV ribozyme that containssG72¢G may be able to cleave
suggests that the phosphate at +1 position is involved in both s shifted site. However, this remarkable change in the cleavage
catalytic core as well as the cleavage phosphate. At this momesife was observed only with the G10-68-725G variant out of
the mechanism of cleavage shift by G10-68-725N is not yet cleggveral variants. This result suggests that the newly formed
but at least in the case of the normal Watson-Crick base paimsat,,sGGGUAA-3 in the single-stranded region between stems
(+1N:725N), 3 nt products were always obtained (TAblghis | and IV may play an important role in the catalytic core of the +1
suggests that non-Watson—Crick base pairs including wobldgift cleavage. The size of the catalytic core around the cleavage
base pairs at the +1 position might have some key role for tege with bound divalent metal ions, which is affected by the

cleavage site shift. conformation of base pairs at the —1 and +1 positions and the
length or sequence of the junction between stems | and IV, must
Comparison with other ribozymes also influence the rate and site of cleavage.

For both genomic and antigenomic HDV ribozymes, the
In both genomic and antigenomic HDV ribozymes, this type afesidue 763C in junction II-IV is essential to cleavage activity
shift of cleavage site observed with G10-68-725G has not be€l,17). In addition, cleavage analysis by?Plions suggested
reported. To evaluate the site specificity of this reaction, wehat the 3phosphate of 763C is close to the catalytic Gieaind
examined interactions between +1N HDVSL1 and other variantisis corresponds with our results5@33; Jeounget al, unpub-
of HDV ribozymes (a-1, b-1, b-2 and b-3) as shown in Figure lished results). From these points of view, we conducted the
and Table3. The derivative ribozyme a-1, the 725G substituenmutational studies with G10-68-725G at residues 763C and
of TdS4(Xho), cleaved the substrate normally, although the raf&4U, because they are very close to the catalytic site in the 3-D
of cleavage was low compared with that of TdS4(Xho). Cleavagrodels, especially 763CL7,18,31). With any +1N HDVSI1,
efficiency was ranked as follows, +1C:725G (C:G) > G:G > A:F63C was essential. The cleavage role of G10-68-725G was
>>> U:G. The second derivative, b-1, is an antigenomic-likeevoted to any base at 764, except the combination of +1U:725G
mutant of G10-68, in which the junction region between stemsahd 764C, which produced two cleavage products in low yield,
and IV (SSrA) is shortened to GGG).(G10-68 has a great but the 4 nt product was not dominant (data not shown). These
homology with antigenomic HDV ribozymes other than SSrAresults suggest that 763C is probably very close to the catalytic
that is the same stem Ill, loop Il is of a similar length andite in the case of G10-68-725G but base 764 does not affect the
sequence except with a U at iteBd instead of C; junction II-1V  cleavage site environment between the substrate and G10-68-725G
is of similar sequence lacking only the extra G atien8@ 3).

With Py:Py, a +1 shiftin cleavage was observed but product yiefghmnarison of rates of cleavage by G10-68-725G at different

was very low. The third derivative, b-2, is the 725G mutant of b-1.,ncentrations of M+ ions and with other divalent metal
b-1 had high cleavage activity at the normal cleavage site.

(C:G) was also active at the normal cleavage site, but with (U:

two cleaved products (3 and 4 nt) were generated with low yieldBhe exact role and binding site of divalent metal ions have not

The fourth derivative b-3 lacks 725C of G10-68; it has 6 bp in stebeen clarified in HDV ribozymes. If the metal binding site is

| and the same junction sequence between stems | and IVlasated in the catalytic core, it may be possible to detect

G10-68. This derivative had no cleavage activity. Even thougttifferences in the characteristics of cleavage due to differences in
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3 s 3 5 substrate because of a change in the +1 base. This phenomenoil
W = r W = ( appears to be unique to the G10-68 variant that was obtained by
a G—C —— 6= selectionin vitro.
b, N, N, 725 N, G
- N
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