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ABSTRACT

To determine the stem | structure of the human
hepatitis delta virus (HDV) ribozyme, which is related
to the substrate sequence in the trans -acting system,
we kinetically studied stem | length and sequences.
Stem | extension from 7 to 8 or 9 bp caused a loss of
activity and a low amount of active complex with 9 bp
in the frans-acting system. In a previous report, we
presented cleavage in a 6 bp stem I. The observed
reaction rates indicate that the original 7 bp stem lisin
the most favorable location for catalytic reaction
among the possible 6-8 bp stems. To test base
specificity, we replaced the original GC-rich sequence
in stem | with AU-rich sequences containing six AU or
UA base pairs with the natural +1G-U wobble base pair
at the cleavage site. The cis-acting AU-rich molecules
demonstrated similar catalytic activity to that of the
wild-type. In trans-acting molecules, due to stem |
instability, reaction efficiency strongly depended on
the concentration of the ribozyme—substrate complex
and reaction temperature. Multiple turnover was
observed at 37 °C, strongly suggesting that stem | has
no base specificity and more efficient activity can be
expected under multiple turnover conditions by sub-
stituting several UA or AU base pairs into stem I. We
also studied the substrate damaging sequences linked
to both ends of stem | for its development in therapeutic
applications and confirmed the functions of the unique
structure.

INTRODUCTION

Several models of the secondary structure have been proposed
for genomic and antigenomic HDV ribozymes and many
attempts have been made to clarify the roles of different bases and
to define the structure of the catalytic core of the HDV ribozyme
(reviewed in5,6). The pseudoknot secondary structure is well
supported by many experimental results and destgaesiacting
systems have provided confirmation. This pseudoknot structure
consists of two stems (I and Il), two stem—loops (Il and IV) and
three single-stranded regions (SSrA, B and C in Bign both
genomic and antigenomits-andtrans-acting ribozymesi-11).

The structure was also recently suggested to exist and fuimction
vivo (12). In the pseudoknot model, stem I, originally consisting
of 7 bp, forms a cleavage site at thebd, stems Il and Il retain

the catalytic core structure and stem IV is related to the backbone
that stabilizes the structure (Fit). We recently clarified that
ribozyme activity is retained without stem 1¥3).

In thetrans-acting system divided at junction 1-8,{0,14,15),
stem | is separated by a substrate and ribozyme portion. In this
study, we focused on stem | (recognition site for ribozyme, target
sequence) and kinetically studied its optimal length and base
specificity. We found that the length of 7 bp in the natural stem | lies
in most efficient proximity to the catalytic core and the result of
inserting an AU-rich sequence in stem | suggests no base
specificity except for the critical +1 position adjacent to the
cleavage site (the +1G-U725 wobble base pair is the most
preferable). To learn more, we investigated neighbor bases linked
to both ends of stem I, which interfere with the functional
structure of SSrA and stem lII.

MATERIALS AND METHODS

Substrate and ribozyme synthesis

The genome of the human hepatitis delta virus (HDV) is All oligonucleotides were synthesized using an automated
single-stranded circular RNA dfit700 nt, which apparently DNA/RNA synthesizer (model 392 or 394; Applied Biosystems).
replicates through a rolling circle RNA to RNA pathway, as dONA and RNA phosphoramidites were purchased from Glen
some plant pathogenic RNA viruses4). Both genomic and Research. Products were purified as described in the user bulletin
antigenomic HDV RNAs have self-cleavage activity (i.e. ardrom ABI (no. 53, 1989) with minor modifications.

ribozymes) in the presence of divalent metal ions, producing aSubstrate sequences (S1, +8GS1, rev. S1, +1Crev. S1, 6US1,
2',3-cyclic phosphate and-®H group (,2), as do hammerhead, 6AS1, —1CS1, S2, S3C/U, S4, S5 and R10) were as follows: S1,
hairpin andNeurosporaVsS ribozymes. The primary sequence5-GAUGGCCGGAUG-3; +8GS1, 5GAUGGCCGGC-

does not resemble these ribozymes and the details of the react®idG-3; rev. S1, 5GAUUCGGCCRUG-3; +1Crev. S1,
mechanism remain unknown. 5-GAUCCGGCCRUG-3; 6US1l, 5GAUGUUUUUUA-
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UG-3; 6AS1, 5-GAUGAAAAAA AUG-3; —-1CS1, 5GACG-
GCCGGAUG-3; S2, 5-CCGGCCGGE3; S3C/U, 5-CCC/

Cleavage activity was indicated by the rate at which the cleaved
product formed. For kinetic analysis, we used a simple pseudo-

UGGCCGGG3; S4, 3-GAUGGCCGG@C-3; S5, 3-GA- first-order equation, cleaved yield (%) = [EP]-(TK)gTablel),
UGGCCGGECC-3; R10, 3-GAUGGCCGGE3 (stem | and fitted the experimental data to a curté,18,19). This
regions are underlined). assumes that under excess ribozyme conditions, substrates were
All ribozymes were prepared by run-off transcription (Ampli- saturated with the ribozyme at time 0. This analysis procedure is
Scribe T7 transcription kit; Epicentre Technologies) of théhe same as the self-cleavage reaction ofcikacting HDV
appropriate plasmids after digestion wianH!| or, for ribozyme reported by Beest al (15). Thus, substrate cleavage
TdS4(Xho) only, Xbd and purified on 8% polyacrylamide proceeds as a first-order reaction. The cleavage reaction consists
denaturing gels containing 7 M urea. of two steps, i.e. a conformational change and a chemical
reaction. From our kinetic analysis, we cannot concludeghat
reflects either the conformational change or chemical step.
A cleavage reaction under multiple turnover was conducted
] ) with the following substrate excess conditiongtM ribozyme,
The transacting ribozymes TdS4(Xho) and TdS4 and the3—8ouM substrate, 10 mM M in 50 mM Tris—HCI [pH 6.26
cis-acting ribozyme CdS4 were constructed as described elsewhgsg sUA and 6AU, pH 7.4 for TdS4(Xho)/Bam] at 25 or°87

(13,16). Vectors containing the sequences of modified ribozymeghe reaction was followed as described for single turnover
were prepared using a system for oligonucleotide-dirétiétlo  conditions.

mutagenesis (Amersham) after isolation of the proper single-
stranded DNA. The following mutated primer sequences wer, : : A o

used (mutated bases are underlined, a dash means a deletion sl?trg)paranon of cis-acting ribozyme and cleavage activity
primer Rz1, d[5CCCAGCCGGC&CCAGCGAGG-J; primer  Plasmid DNA linearized witBanH| was used for transcription

Construction of modified trans-acting ribozymes of
TdS4(Xho) andcis-acting ribozymes

Rz2, d[3-CCCAGCCGGCGTGCCAGCGAGG-3; primer Rz3,
d[5'-AATGTTGCCCCCGGCCGCCAGCGAGG-3;  primer
Rz4, d[3-AATGTTGCCCATTTTTTGCCAGCGAGG-3;
primer Rz5, d[5AATGTTGCCCAAAAAAA GCCAGCGA-
GG-3]J; primer TdS4, d5GAGGCTGGGA-CCTATAGTGA-3;
primercis-6UA, d[5-AATGTTGCCCATTTTTTGCCAGCGAG-
GAGGCTGGGACCARAAAAAC ATCAGGCTCG-3]; primer
Cis-6AU, d[5-AATGTTGCCCAAAAAAA GCCAGCGAGG-
AGGCTGGGACCATTTTTTCATCAGGCTCG-3].

Cloning and vectors

in vitro. The reaction mixture (3@l for transcription contained

40 mM Tris—HCI (pH 8.0), 8 mM MgG) 2 mM spermidine,

5 mM dithiothreitol, ribonucleotides at 2 mM each, 0.5 mCi/ml
[a-32P]CTP, 3ug of linear plasmid DNA and 150 U T7 RNA
polymerase (Takara). After 30—60 min at @7 an equal volume

of stop solution was added and the mixture was heat denatured
and fractionated by electrophoresis on 8% polyacrylamide gels
containing 7 M urea. The transcript RNA was located by
autoradiography and the uncleaved precursor RNA was excised
from the gel, extracted with 0.1 mM EDTA and 0.3 M NaOAc and
recovered by ethanol precipitation. Cleavage reactions containing
[5-50 nM RNA were conducted in 50 mM Tris—HCI (pH 7.4)

Vector pUCT7 was a modified version of pUC1138; itincluded theng 10 mM MgG) at 25 and 37C. The labelectis-acting

promoter for T7 RNA polymerase an&hd site (not for TdS4)

ribozyme in 50 mM Tris—HCI (pH 7.4) was denatured &(®fbr

at theEcoRI-BanH site (17). All experiments were conducted 2 min, slowly cooled down over 1 h and preincubated at 25 or
with Escherichia coliMV1184 as the host. Plasmid DNA was 37°¢ for 10 min. Reaction was started by adding prewarmed
prepared from an overnight culture and purified with Qiagen-tig1gCl, solution. Aliquots were taken at appropriate times and
20 (Qiagen). DNA sequencing was conducted using doublgsjiowed in the same way as thenscleavage reaction. The
stranded DNA as a template on a DNA sequencer (Model 373fjeaved fraction was calculated as (couBtsaua/(Countgrecursor
Applied Biosystems) and a Tag DyeDeoxy Terminator Cyclg counts:-proguc)- The first-order rate constard @nd end point

Sequencing Kit (Applied Biosystems).

Trans-acting ribozyme cleavage
The 3-end of each substrate was labeled witP?P]ATP by T4

(EP) were obtained by fitting data to the equation: cleaved yield

(%) = [EP]-(1 - &).

RESULTS AND DISCUSSION

polynucleotide kinase (Takara). The cleavage reaction was,
conducted under ribozyme saturating (single turnover) conditions
as follows: 5 or 1QuM ribozyme, 0.01uM substrate, 10 mM Wu et al reported that in theis-acting genomic HDV ribozyme
MgZ*in 50 mM Tris—HCI (pH 7.4) at 3T. The reaction solution extending or shortening of stem | by 2 bp lost catalytic activity
containing the ribozyme and substrate in Tris—HCI withou¢20). To better characterize stem | and improve activity, we tested
MgCly was denatured at 9Q for 2 min and cooled on ice. The the effect of stem | extension in tlrans-acting genomic HDV
solution was then incubated at°87for 10 min and the reaction ribozyme. Inserting U between C718 and G719 to extend stem |
was initiated by adding Mgglsolution. At appropriate times, can resultintwo possibilities, a 1 bp extension of stem | or another
aliquots of the reaction mixture were removed and the reactidrase pair with 704A (Fid)). To prevent analytical ambiguity, we
was stopped by adding an equal volume of stop solution (9 kplaced position +8A in substrate S1 with +8G (+8GS1). We also
urea, 50 mM EDTA, 0.1% bromophenol blue and 0.1% xylen&serted one C nucleotide or the dinucleotidd6-3' between
cyanol) on ice. After electrophoretic fractionation on 20%C718 and G719 of theansacting ribozyme TdS4(Xho) and
polyacrylamide gels containing 7 M urea, the substrate ardksignated these ribozymes Rz1 and Rz2 (Egy.and C).
cleaved product on the gel were determined using a bioimagifserting these additional nucleotides may change the conformation
analyzer (BAS2000; Fuji Film). of the ribozyme even though the original 7 bp are held in stem I.

tension of stem | base pairs
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599, 29% Accordingly, as a control, we conducted the same experiments
ue U with a short substrate R10, which has only 7 bp at stem | with the
9, Y ribozyme (Fig2D—F). The experimental data are summarized in
e8G-C Tablel.
. Geu
(698) G U-Am . . .
U C-G Table 1.Comparison of cleavage efficiencies on extension of stem |
A C-GI
C - G|ns C-G Rz TdS4(Xho) Rz1 Rz2
G-C 704A - U A Substrate Kobs (min"1)  EP (%) kobs (min1)  EP (%) kobs (min-1)  EP (%)
G-c| 7C-G ®
Ilc-G mG-C G SstB st 190 7
C-G L? ) CU c ®) ©
G - c G +8GSt 0.315 74 0.053 50 0.039 5
GeU C ssrc ©
—> U Grs (D) (E) F)
c U R10 217 93 0.062 35 0.107 38
A G 57) [64]
5.C-i GCAAC-G
S1 SSrA A-U Ribozymes, TdS4(Xho), Rz1 and Rz2; substrates, +8GS1 andRbS.
wwU-A cleavage reactions were conducted under standard conditions (Materials
U-Arss and Methods) at least twice. Kinetic parameteyissénd EP) show the average
736C - g of each fitting. Values in brackets show the cleavage percentage after 2 h.
u g The kinetic parameters of E and F were determined by fitting to the equation
u ¢ at 30 min. The error of the mean does not exceed 15%.
TdS4(Xho)

A 1 bp extension in stem | (FigB) caused a 6-fold decrease
in catalytic activity Kops= 0.053/min, EP = 50%) compared with

Figure 1. Secondary structure dfansacting genomic HDV ribozyme 8GS1 (7 bp) a_nd the control (FigE) Showeq similar values

TdS4(Xho). Numbering is based on that of Makércal (35). Lower case  (Kobs= 0.062/min, 57% cleaved after 2 h). This suggests that the
letters in 5 and 3-sequences indicate vector-derived sequences. Single-activity of Rz1 is not lost due to the 1 bp extension of stem | but
stranded regions are marked SSrA (726-731), SSrB (762-766) angjye to the 1 ntinsertion between 718C and 719G of the ribozyme.

SSrC (708-715) as reported previously (8,29). To truncate the original stem | : : . P
a wild-type sequence from nt 736 to 758 was changed to include a uucg;/\Ne also studied the effect of a U instead of C insertion in the 8 bp

sequence. An arrow indicates the cleavage site. The original stem | sequen?@c’leCUIe in Figur@B, obtainingkops= 0-014/min and.EP =46%.
is shown in the rectangle. The greatekgps decreassuggested some interaction between
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Figure 2.Effect of extension of base pairs in stemttams-acting genomic HDV ribozyme. Cleavage reactions were conducted under standard conditions. Data points
were fitted to a pseudo-first-order equation (continuous lines; Materials and Methods) or biphasic first-order equatitingbr&esults and Discussion). Outlined
letters indicate inserted nucleotides) Original 7 bp stem |, substrate S1 versaas-acting ribozyme TdS4(Xho)B( 8 bp stem |, substrate +8GS1 versus Rz1;

(C) 9 bp stem |, +8GS1 versus RzR) R10 versus TdS4(Xho)Ef R10 versus Rz1Fj R10 versus Rz2.
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Figure 3. Cleavage reactions with different stem | sequences itrie¢heacting system. Kinetic data were obtained from a pseudo-first-order equaji@ie(n |
and SSrA; B) original stem | sequence, substrate S1 varans-acting ribozyme TdS4(Xho)() interchanged stem |, rev. S1 versus RB3;ubstitution of +1U
for C of interchanged stem |, +1C rev. S1 versus REBAU-rich stem |, 6UA, 6US1 versus Rz#)(6AU, 6AS1 versus Rz5.

704A and the inserted U, but it is not clear whether this was due®tem | base specificity
nucleotide insertion, interaction with 704A or stem Il extension. In

the 9 bp stem | (Fi@C), the observed reaction retg,Q was almost E th its of mut is at | positions in stem |
the same as for 8 bp (Takl® and C) but the amount of active . rom the many results of muiagenesis at several positions in stem 1,

complex markedly decreased (EP = 5%). In contrast, the 2 B has been accepted that base palring is required and the

- - - : .~ complementary substitution of base pairs can restore catalytic
insertion control (Fig2F and TablelF) did not show decreases in . " " , o
eitherkops o EP, (altﬁough some incr)easek(jaswas observed. activity (7,15,21,22). In addition, we recently identified 726G as

In the control reactions, data points closely fitted the equatiothe only essential base in the cleavage site§Aigl8). To verify

. . : : e sequence specificity of the HDV ribozyme (BRj)), we first
showing a monophasic reaction (Materials and Methods) up tercr?anged tﬁe seq{lences of the sﬁbstrgt?) and ribozyme

30 min; thereafter, data points of cleavage percentage obviouﬂ%ming stem | (rev. S1 and Rz3) and checked the catalytic
deviated from the fitting curve (FigE and F). Cleavage yields . in'(Fig.3C). Interchanging stem | with +1U-G725 resulted
after 2h were added to Talile and F, assuming a slower reacting; . no production of cleaved product after 1 h. When +1U was
molecule as another reaction component and using the followig it ted for C (+1C-G725, F&P), however, catalytic activity
equation: cleaved yield (%) =[ER1—e 1) +[EP)]-(1-e~%).  recovered Kyps = 0.006/min, EP = 16%). In addition to the
The results were in good agreement (Bigand F, broken lines). - revious mutagenesis resuls16,21,22), it appears that no
The slower reaction dominates the faster one in the ratio 3—4:lqyence specificity exists in the HDV ribozyme except for the
and the calculated major slower reaction rate was 0.012/min. TBgsential 5end base pair in stem |.
average; andkz values are close to thgpsdetermined fromthe  For the +1N:-N725 base pair (F84\), the G-U wobble pair has
data points up to 30 min using a monophasic equation (TBble zready been defined as the most efficient for cleavage and U-G
and F): Th|s.result indicates that th_ese HDV r|.bozyme variants ai& completely inactivel(,20,23). It is not yet clear why the +1
not uniform in structure but contain some misfolding. base pair contributes to catalytic activity, but recent X-ray
We reported that one HDV ribozyme variant shifted therystallographic analysis of the RNA duplex with adjacent G-U
cleavage site 1 nt toward the-ehd and 6 bp in stem | are and U-G pairs provides valuable informatias,25). The RNA
sufficient for cleavagel@). It is thus possible to cleave within the duplex is slightly distorted in the presence of two adjacent U-G
6-8 bp stem |, while the 9 bp stem | is distant from the essentigirs (3-UG-3/3-GU-5, as in Fig:3B) located at the center of
bases in SSrB (nt 762-766) and SSrC (708-715) which form tiige helix. The U-G pairs are bridged by water molecules and
catalytic core with essential bases in SSrA (726-781)/X.  solvated in grooves. The twist angle between the wobble base
Comparing all observed reaction rates, the natural 7 bp stenpdirs exceeds the average value and is stabilized by stacking two
showed the highest value and is located in the most favoraliiebases4) (i.e. 726G and +1G, Fi@A). Based on this X-ray
position to construct a catalytic core. crystallographic data, we can speculate that the metal ion binds
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Figure 4.Cleavage reactions of mutanig-acting HDV ribozymes with an AU-rich stentls-6UA andcis-6AU. Cleavage patterns duriog-6UA (A) andcis-6AU
(B) transcription, analyzed by 8% PAGE containing 7 M urea.

with nucleophile 20H orRpoxygen of the cleavage site directly wild-type sequence and the cleavage reaction depends on the
or indirectly via water. The structure of the remaining combinatiosoncentration of the ribozyme—substrate complex and reaction
(5-UU-3/3'-GG-B) in this series, related to the inactive formtemperature. Cleavage was more efficient at lower temperatures
+1U-G725in the HDV ribozyme, requires further clarification of(25 > 30 > 37C; data not shown) and with higher concentrations
the structure around the cleavage site. of ribozyme/substrate (M Rz, 0.01-80uM substrate) than

We then examined this expected loose base specificity lwnder the usual conditions. The cleavage reaction was conducted
changing the original GC-rich sequence to an AU-rich stem dround the optimal pH 6.2—6.5. This variant ribozyme operated
containing six UA (Fig3E) or AU (Fig.3F) base pairs holding under multiple turnover conditions, although the reaction was
only one original +1G-U725 base pair at the cleavage site. In thiery slow (>1 day; FigbA). The cleavage reaction rate constants
cis-acting HDV ribozyme with the AU-rich stem |, cleavage under steady-state were measured at several substrate concentration
quickly occurred and this self-cleavage reaction was observeshd kinetic parameters were determined by an Eadie—Hofstee
even during transcription (8 mM Mgin buffer) to prepare RNA, plot, which generate$y, (slope) andat (y-intercept) (Fig5B,
just as with the wild-type. During transcription, >95%isf6UA  C, E and F) for 6UAKy, = 38.6uM, kear= 0.867/hkcafKm=2.25
was cleaved within 5 min while sloweis-6AU took 3 h for  x 10%/M/h) and for 6AU Ky, = 66.3uM, Keat= 0.528/hKeafKm
almost total cleavage (FigA and B). The kinetic parameters of = 7.96x 103M/h). In comparison with othdrans-acting HDV
the cleavage reaction (Taldpwere determined with a biphasic ribozymes, RNA-37 retained the GC-rich antigenomic stem |
reaction equation using isolated precursors on polyacrylamidequence and the multiple turnover reaction occurred only at
gels. The faster reaction is dominant but 20-30% of the slowhigher reaction temperatures8)Km =57 NnM Keat= 0.66/min,
reaction is present in both cases. The rate of cleakgge ¢f  keafKm = 1.1 x 10/M/h) (11). However, in the case of the
CiS-6UA is faster than that ofis-6AU. Secondary structure AU-rich stem |, multiple turnover occurred at room temperature
modeling by the Mulfold program26) implies thatcis-6AU  and also at 37T (data not shown).

assumes an unfavorable structure comparedoigt®UA (data In contrast, a fagtans-acting genomic HDV ribozyme with
not shown). This is probably the reason for the differenkgyin  wild-type stem |, TdS4(Xho), did not turn over af 87under the
between the two AU-rich molecules. same conditions as for 6UA and 6AU. A& it could turn over
but a burst was observed (Fup). The first round of reaction is
Table 2.cis-6UA andcis-6AU kinetic parameters very fast and the burst count indicated 1.03. These results indicate
that there is no base specificity in stem | and more efficient
dsRz | Temp. (°C)| ki(min) | ko (min'T) EP1 (%) | EP2 (%) activity can be expected under multiple turnover conditions by
cis-6UA | 25 583 £ 006 | 014 +007 | 42 13 introducing several AU base pairs instead of the original base

pairs into stem 1. In our investigation of stem | base specificity of

7 .39 £1.78 X X . . .
° SELT | 015 £018 ) 43 ° another HDV variant, CDC2001%), which has a hybrid
cis-6AU | 25 190 £020 | 021 + 003 | 63 24 antigenomic and genomic sequence, the AU-rich stem | worked
a7 288 082 | 025 + 010 | 57 0o in multiple turnover at ambient temperature (data not shown). We

also studied the samis andtransreaction with other metal ions,
The cleavage reaction was conducted under the following conditons: such as M#&" and C§+; Mg2+ ions showed the highest reaction
10 mM Mg?*, 40 mM Tris—HCl, pH 7.4, faris-6UA andcis-6AU. Kinetic activity (data not shown).
parameters were calculated r‘rom the arbitrary assumed biphasic first-order Ananvoranich and Perreault recently reported the substrate
equation as a trial; cleaved yield (%) = 1 — ') + [ER)-(1-e2). specificity of the antigenomic HDV ribozyme by introducing a
Kinetic parameters indicate an average of at least two experimental mismatch in stem |2(7)' They show that the nucleotides in the
data pointsKj error does not exceed 11%l@rerror 75%). . . s
middle of stem | are essential for substrate binding and
subsequent steps in the cleavage pathway. Reduction or loss of
In trans-acting systems with the AU-rich stem [, cleavage wasleavage activity by mismatch in stem | agrees with our results for
not observed under the standard conditions (single turnqudr, 5 the genomic HDV ribozyme. In other words, the formation of
Rz, 0.01uM substrate, 10 mM Mg at 37C). This is probably stem | is important for catalytic activity. Our phosphorothioate
due to the unstable AU-rich duplex compared with the GC-ricmodification interference analysis suggests that stem | phosphates
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squares) and 6AU (solid triangles); [kf§ 10 mM, 40 mM Tris—HCI, pH 6.26, at 26. B andE) Multiple turnover kinetics of 6UA and 6AU cleavage reactions.
Cleavage was at different substrate concentrations (@vB0and 1uM ribozyme. The steady-state rate of cleavage (M/h) was divided by the ribozyme
concentration ([E], uM) andV/[E] (per h) is plotted versus substrate concentratian@F) Eadie—Hofstee plot of data to genetate(slope) andkq4; (y-intercept),
y=-38.&+ 0.867 for 6UA (C)y =—66.% + 0.527 for 6AU (F).D) Cleavage reaction with excess S1 using TdS4(Xho)/Bam. [P)/[E] is plotted as a function of time.
The concentrations of ribozyme, substrate ané*\ge the same as for (A) in 40 mM Tris—HCI, pH 7.4, &G he line is fitted to the initial portion of the steady-state
region of the time coursg.= 0.01X% + 1.03, slope = 0.014 0.001/min and~intercept = 1.0% 0.03 [PJ/[E].

have some interactions with metal ions and/or other sitgs ( kgps80-fold from R10 by a further 2 bp extension of stem I. On a
These interactions may change duplex structure by nucleotigelyacrylamide gel containing 7 M urea, substrate S2 appeared as
substitution in the middle of stem |. However, no conclusiora tailing band (FigsC), indicating that S2 hybridizes more strongly
about such tertiary interactions can be derived from this studyto the ribozyme than does R10. When SSrA was further masked
with substrate S3C, cleavage was no longer detecte@¥fideven

Effect of 5-side sequence at cleavage site on catalytic activity With a suitable —1U-G726 wobble base pair (Blg), the S3U

) ) . substrate decreased catalytic activity 217 tirfkgg € 0.01/min,
In general, one'Sside nucleotide at the substrate cleavage site ISp = 7694) below R10. ConsequentlzCEN-3 (especially
sufficient for catalytic activity in both genomic and antigenomiqy = ¢ jinked 5 of the cleavage site sequence should be excluded
HDV ribozymes (). For the 1 position (~1N-N726), we showedfrom the target sequence. Masking important G residues of SSrA
that G726 is essential and the —1N position can accept any bag@rs the structure of the substrate—ribozyme complex and
but shows a preference in the order U > A > C >18.(The jnterrupts formation of the catalytic core with other functions of
trans-acting HDV ribozyme, for example, could cleave at nexttasgrp and SSrC. 726G and 727G interact with the catalytic core
the initiation codon AUG (data not shown). In targeting othefirectly or indirectly.
long RNA substrates, it is necessary to confirm the absence of the
5" interfering sequence at the cleavage site. We clarified that, f
its counterpart ribozyme, 726G and 727G in SSrA are essential,
especially 726G in the genomic ribozym#9)( and three G An 8 nt substrate is the minimum substrate for efficient cleavage
residues are important in the antigenomic ribozy?3 ( activity. One ribonucleotide is bf the cleavage site and the rest

First, we tested cleavage activity using an R10 analog able fiorm the 7 bp of stem I. The region linkedo3 stem | does not

hybridize with important G residues of SSrA. Substrate S2, whighlay a role in the cleavage reaction. However, as mentioned
hybridizes with the important 726G727G (S2) (lBigdecreased above, for targeting long substrate RNA it is also important to

ect of stem | 3-side sequence on catalytic activity
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Figure 6. Effect of substrate’fart at the cleavage site on catalytic activitans cleavage reactions were conducted under standard conditions (Materials and
Methods) using TdS4(Xho) and different substrates and analyzed by denaturing PAGE. S, substrate; P, cleaved produciugsinetice vabtained from
pseudo-first-order equation#\)(Substrate R108) —1CS1; C) S2; D) S3C; E) S3U.

know whether some interfering sequence (from +8) adjacent toop exists and stacks on stem lll. In the genomic HDV ribozyme,

the 3-end of stem | exists or not. the loop size is one base larger than the antigenomic one, but a
To determine the effect of this sequence, we tested cleavagimilar pyrimidine base pair is expected in the loop (SSrC). In

activity using several substrates having extra sequences at theee-dimensional models of the tertiary structure of both

3'-end that might disrupt stem lll, the counterpart of the substratgenomic and antigenomic HDV ribozymes, stem Il stacks on

by forming base pairs (Fig). Results indicate thkgpsdecreased stem Il coaxially §,31). These data suggest that the three stem Il

but EP did not change on increasing the number of probabase pairs are rather stable, with stacking of stem Il and the

interacting nucleotides (Fid, outlined letters). This kinetic data pyrimidine base pair at the end of the loop.

suggests that thé-8ide of the substrate interacts with the stem Ili

sequence. From the electrophoresis gel pattern, substrate S5 was

observed as a weak tailing band and some interactions wiBONCLUSIONS

ribozyme other than S1 and R10 were suspected (data not shown).

In comparison with S3C (FigD), which halts ribozyme activity We characterized stem | of the HDV ribozyme and its flanking

by blocking three G residues, the amount of active complesequences on both sides irtransacting system. These are

(EP = 73%) did not change dramatically and dghs¢decreased, summarized as follows: (i) in stem I, no base specificity except

reflecting the rate-limiting step of conformational change from athe critical +1 base pair is observed; (i) the favorable 7 bp stem |

unfavorable to an active form. In stem lll, restoring base pairs kymong possible 6-8 bp stems is required to construct the catalytic

compensatory changes revives activity and a mismatch causese; (iii) multiple turnover in the reaction is possiblith an

low or no detectable activity3(). Accordingly, +8GCC (S5) AU-rich sequence of stem | at room temperature; (iv) CCC attached

interferes with the formation of stem Il but does not disrupt ster§' of the cleavage site almost completely diminishes cleavage

[l completely. activity; (v) an extra sequence complementary to GCC in stem Il
The central hairpin structure (stem lll and SSrC) in antigenomidecreases catalytic activity; (vi) stem 1l is stable in the

HDV ribozyme was recently elucidated by high resolution NMRoseudoknot structure.

spectroscopy by two groupsl(32). Although their results show  Recent X-ray crystallographic analysis of the@@duct of the

some differences in loop structure, they both agree that th¢DV ribozyme shows a very tight compact RNA foldiragy

pyrimidine base pair between tHe&nd 3-end nucleotides inthe Extension of the base pairs or length of stem | seems to destroy
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Figure 7.Effect of 3-side sequence of substrate that may interact with stem Il for catalytic adtaitgcleavage reactions were conducted under standard conditions
(Materials and Methods) using S1 substrate derivatives (S1, +8GS1, S4 and S5) with TdS4. ffaiS#ldstang ribozyme shortened by deleting restriction enzyme

G G

V] U

A j—

. .
5 5'
s1 +8GS1
TdS4 Tds4

Kobs = 0.80 min-1 Kobs = 1.19 min-1
EP = 52% EP = 60%

3 G
G
N N
> —»
5' 5'
sS4 S5

Kobs = 0.453 min-1
EP = 76%

Tds4 Tds4

Kobs = 0.014 min-1
EP = 73%

regionXhd from the 3-end andXbd from the 3-end of TdS4(Xho). Outlined letters indicate possible interacting bases.

this compact folding structure and subsequently decreases ifs Been,M.D., Perrotta,A.T. and Rosenstein,S.P. (1B@Zhemistry31,
cleavage activity.
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