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ABSTRACT

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

INTRODUCTION

proposed duplex regions is demonstrated by the effect of bas
changes and compensatory base changes on the self-cleaval
activity in both the antigenomig4,11) and genomic sequences
(12). In those studies mutations that would be predicted to
destabilize pairing in P1, P2 and P3 reduced the rate or extent ¢
self-cleavage in both the antigeno®i@afid genomic sequences
(12). In the genomic sequence deletions in P4 that left part of the
stem intact have resulted in decreased, but not total loss of
activity (12,13). The complete deletion of P4 resulted in a
100-fold decrease in activity in the antigenomic ribozyme, but
shortening P4 to 4 bp and replacement of loop L4 with a
stabilizing UUCG tetraloop sequence enhanced self-cleavage
activity @). In that case it could be demonstrated that pairing in
the remaining part of P4 contributed to activity. These data have
been interpreted as evidence for a structural role @f.B4 16
a bimolecular reaction in which thestle of P1 is provided as
substrate to the ribozynmetransit was demonstrated that base
pairing in P1 provides specificity in substrate cleatdgé bius
there is support for functioning of the base paired regions in
specifying the cleavage site and in stabilizing an essential
ribozyme structure. Much less information is available for those
regions of unknown structure which are represented in the mode
as single-stranded but nevertheless are likely to participate ir
interactions essential for formation of the active site of the
ribozyme.

There are three single-stranded joining sequences (J1/2, J1/
and J4/2) and two hairpin loops (L3 and L4) in these structures.
That active forms of the ribozyme can be generated from two

The self-cleaving RNA sequences (ribozymes) found in tlhagments in which J1/2 is deleté®,(4,15) or where L4 is
genomic and antigenomic RNAs of hepatitis delta virus (HDWiterrupted or delete,{1,16,17) suggests that L4 and J1/2 are
(1-3) adopt a novel structural motif,5) distinct from the unlikely to participate directly in forming the core structure. In

previously defined hammerhead and hairpin ribozymes fouhis paper we focus on J1/4, J4/2 and L3 and present evidenc
predominantly in plant pathogenic RNAsS]. In the HDV  from site-specific mutagenesis demonstrating that the identity of
ribozymes, which are about twice the size of a minimahses at most of the positions in those sequences contribute to f
hammerhead ribozyme, the cleavage site is located ‘atitde 5activity of the antigenomic ribozyme. These data on the
of the sequence defining the self-cleaving elerbghi().  antigenomic ribozyme are in close agreement with a careful
Consequently, all but one nucleotide of the self-cleaving smitagenesis study of the J1/4 and J4/2 regions of the genomi
guence is'df the cleavage site. ribozyme {8) and do not contradict other studies of the genomic
A secondary structure containing four paired regions (P1-HBbdzyme sequencel413,19,20). Together the mutagenesis

forming a pseudoknot (Fit)) is supported by several lines ofresults provide compelling evidence that the active sites of the
evidence. First, the genomic and antigenomic ribozymes dispVay ribozymes are very similar. In addition, evaluation of
variations in sequence that maintain the potential for base paimigations and compensatory changes at the cleavage siti
in the four duplex regions of the proposed structyse¢sMore  provides evidence for a wobble base pair requirement at the
significant, however, a dependence for base pairing in thelsavage site.
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Figure 1. Secondary structures of the HDV antigenomic and genosaacting ribozymes (5). Boxed regions in SA1-2 and dSIV indicate the sequences under
consideration in the two antigenomic ribozymes used in this study. The base changes that were tested are indicated below the secondary structure. For com|
the equivalent areas of the genomic ribozyme are also boxed.

MATERIALS AND METHODS containing single-stranded form of the plasmid as the template
. . . (22,23). The mutagenic oligonucleotides generated a mismatch
Enzymes, chemicals and oligonucleotides when annealed to the strand of DNA of the same sense as the

over-expressing clone provided by W.Studigt)( Modified T7 ~ Miniprep DNA using primer extension with Sequenase (US
DNA polymerase (Sequenase) was purchased from US BiochemiBichemical) and dldeoxynuclgotlde cham terminators. Following
(Cleveland). Restriction endonucleases, nucleot#fesjabeled @ second round of transformation plasmid DNA was prepared from
nucleotides and chemical reagents were purchased from commer@i@might cultures and purified by CsCI equilibrium density
suppliers. Oligonucleotides were synthesized on an Applied Biosyzntrifugation in the presence of ethidium bromiidg. (AAll purified .
tems DNA synthesizer (Department of Botany, Duke Universitplasmid DNA was again sequenced before use as templates in

Durham, NC). transcriptions.
Plasmids and construction of mutants in the Transcriptions
ntigenomic ribozym . . . . . .
antigenomic ribozymes Plasmid DNA was linearized by digestion wiiindlll, extracted

Two versions of the wild-type antigenomic ribozyme sequence werdgth phenol and chloroform, precipitated with ethanol and tran-
used. Both sequences were cloned into the T7 promoter-containgagibed in 0.05 ml reactions containing 40 mM Tris—HCI, pH 7.5,
phagemid vector pTZ18U. The parent plasmid pSAl-2 was5 mM MgCh, 5 mM dithiothreitol, 2 mM spermidine,
constructed with a synthetic version of the sequence of th#éonucleoside triphosphates at 1 mM each, 0.05 mCi
antigenomic ribozyme inserted downstream of a T7 promigjter ([a-32P]CTP, 2.5ug linear plasmid DNA and 300 U T7 RNA
and was nearly identical to the wild-type antigenomic self-cleavingolymerase. Incubation was for 60 min afPGy EDTA was
sequence except for minor changes that introduced a restrictaded to 50 mM, formamide to 50% (v/v) and the RNA was
recognition site in the sequence constituting stem-loop 4. Timctionated by electrophoresis on a 6% (w/v) polyacrylamide gel
ribozyme in pdSIVY) contained a shortened P4 with only 4 bp andontaining 7 M urea. RNA was located by autoradiography,
a UUCG hairpin tetraloop. The mutants of pSA1-2 and pdSIV weexcised, eluted overnight &@ (in 1 mM EDTA, 0.1% w/v SDS)
generated by oligonucleotide-directed mutagenesis using a uraaid recovered by ethanol precipitation. The self-cleavage reaction
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requires only low levels of a divalent cation and typically transcripts & EALE Lpas Chaa CH5A U2EA CETA GENA  Co0A
SA1-2 and dSIV cleaved extensively during synthesis under the Mg s+ =& 4 4 &= & & =4 - ++ = # % - + 4
above conditions. To increase the fractional yield of uncleaved RNA ~ m = =+ = = % * = & =& = -+ = =% - =
an oligodeoxyribonucleotide complementary to thedion of the p

ribozyme RNA was added (2 pmd)/during transcription to inhibit FE m
self-cleavage. Although this resulted in a lower overall yield of '

RNA, it increased the ratio of uncleaved to cleaved RNA. Most of

the mutated ribozymes cleaved slowly, so a blocking oligodeoxyri-
bonucleotide was not needed in the transcription to obtain precursor

-4 #
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Self-cleavage reactions Proc (B g
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Radiolabeled precursor RNA was preincubated &€ 3@r 5 min

in the cleavage cocktail minus Kfgand the cleavage reactions

were initiated by addition of Mge(37°C); final conditions were

40 mM Tris—HCI, pH 8.0, 1 mM EDTA, 11 mM Mgghnd  Fioure 2.Cleay ¢ ribozvimes with hangesi 428 Th

(5-50 nM RNA' Fo_r reaCtlonS that co_ntalneq 10M formam'deef?eucte of ﬁ:](‘;ii(?l?; ct))ast()eocr):anegses its illjlissfr;t:d %iih@;l((t]gni cﬁf El)eava?ge ina
the formamide was included in the preincubation. The kinetics &f min reaction at 3T in the absence or presence of 10 M formamide. The
cleavage were followed by removing and mixingl &liquots conditions for these reactions were the same as for the kinetic studies and are
with § or 10, formamide_dye mix corieining 25 or S0 MM_Jsscbec eres s M Creusn speth ums sveed
EDTA to quench the reaction. .The precursor a.‘nd prod_u_ct we ly the pgrtion of the ggl c)ént;)ilning pregcursor aRpr@duct is ghown. The
separated by gel electrophoresis under denaturing conditions (6¥yroduct ran off the gel.

polyacrylamide gels containing 7 M urea, 0.05 M Tris—borate, pH

8.3, 0.5 mM EDTA). The relative amounts of precursor and

3'-cleavage product were quantified by analysis in a phOSph%ESULTS

imager (Molecular Dynamics). The fraction cleavé) Was
calculated as (coumfgducl/ (COUNt$recursort COUNtSroduc)- The  Antigenomic ribozymes with wild-type core sequences
3'-fragment contained 95-97% of the label for the precursors

used in this study; thé-product migrates off these gels and wasIwo versions of the antigenomic ribozyme sequence (SA1-2 and
not included directly in the analysis, because correcting the d&t&!V) were used as the starting sequences in these studies; eacl
for this small difference had no effect on values obtained for tf@ntained the same wild-type core sequence (§igSAl-2

rate constants. The first order rate constdrar(d end pointng) ~ closely resembled the wild-type antigenomic ribozyme sequence
were obtained by fitting the datafo= m x (1 — €X). The end  With only a minor change in the non-essential L4 sequéice (
points seen in reactions with purified precursors most likely dilSIV (9) was a shortened version of SA1-2. Both cleaved rapidly
not reflect a true equilibrium between the cleaved and uncleavat37 C in 10 mM Mg* (4.7/min and 11/min for SA1-2 and dSIV
forms, since the extent of cleavage can vary for different methot®spectively), but dSIV cleaved slightly faster under all conditions
of preparation of the precursor. In addition, the extent of cleavatfsted §). The genomic and antigenomic ribozymes cleaved in the
seen with purified precursor is routinely less than the extent Bfesence of moderate to high levels of denaturarit§,5,26)
cleavage observed during transcription. More likely, the end poiffd both SA1-2 and dSIV precursors cleaved two to three times
represents a combination of contaminating species that co-migré&ster when 10 M formamide was included in the reaction under
with the precursor during gel purification and non-cleavinghe standard conditions (Talilend2 respectively).

conformers of the ribozymes. For the faster cleaving sequence§or the studies described below specific base changes were made
the calculated end points were compared with data from tin#@ either the SA1-2 or dSIV ribozyme sequence. Precursor RNA
points taken at 5-60 min (10-28@,). At these extended time containing the base change was purified and a first order rate
points the experimentally determined end point often exceedéinstant was determined; comparisons of activity were made with
the calculated value by 5-10%, suggesting that there may be a sl@®Pect to the parental wild-type core-containing precursor (SA1-2
cleaving precursor population in those preparations. Correction f dSIV). In those instances where the same base change was mad
these differences did not result in significant changes in estimatdPoth ribozymes the effect on activity was essentially the same.
rate constants, so all ribozyme sequences were analyzed as th ; - N

they contained a single major species that cleaved with simple ;i:'rl'fsgnpm loop 3 (UCCUCGC, positions 23-29)

order kinetics. For the two precursors containing a wild-type cotdairpin 3 contains a 7 ntloop and a 3 bp stem which is contiguous
sequence, SA1-2 and dSIV, the reaction was complete after 1 riirone strand with stem 1 and in the other strand with stem 2. In
(k = [b/min and_1L0/min respectively) and because the earliest timeoth HDV ribozymes a similar pyrimidine-rich sequence forms
points were taken at 4 or 6 s values for rate constants >5/min were loop of hairpin 3. However, the genomic ribozyme has an
most likely minimal estimates. Thus, while reproducibility is gooddditional 3U, making it 8 ntin length. As a conserved sequence
(x10-20%), we may have underestimated the fastest reactions. &od structure this loop is a candidate for part of the active site.
the mutated precursor RNAs, which cleaved more slowly, reproduaitially each base from position 23 to 29 was changed individually
ibility was often withint10%. All rate constants reported were theto adenine and the effect on cleavage examined in the absence an
average of at least three independent determinations. presence of formamide (FigA). In this screen (5 min at 3C)
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mutations at either U23 or C24, in thesisle of L3, resulted in a negative effect that mismatched base pairs in duplex regions had on
large decrease in cleavage activity. Time courses of cleavage actidavage rate$); presumably in those cases it further destabilized
of these two mutants using gel-purified precursor revealed that ttie duplex containing the mismatch. With the L3 mutants the effect
rate of cleavage decreased >fld (Tablel). With changes at the of formamide on cleavage rates varied with the particular change.
other positions (nt 25-29) the effects were less dramati2@®ig. With C24U, U26A, C27A and C29A there was a modefdtet)

but again time courses revealed that the rate constants for cleavagd@d) increase in the rate of cleavage when 10 M formamide was
had decreased (TaHlg In this region the smallest effect was seerincluded in the reaction, about the same fold effect as was seen with
with U26A (2-fold decrease) and the largest effect was with G288A1-2. If denaturant stimulated the rate of cleavage because it
(50-fold decrease). The data suggested that the sequence of thef&dilitated refolding from an inactive structure, then this result would
on the 5side of L3 were more critical than the 5 nt on theid®e,  suggest that folding may still be partially rate limiting for those
therefore, other bases were tested at positions 23 and 24 to determmotants. The rate of cleavage of mutant C25A decreased 10-fold in
to what extent the identity of the base substitution affected activitiie presence of formamide and a smaller decrease in activity was
(Table 1). It was found that a UC substitution at position 23 seen in formamide with the-GA change at position 28. Decreases
(U23C) still had a large negative effect on cleavage ratdditf),  were also seen with mutations at position 23, but these were already
whereas at position 24 aQJ change (C24U) had a relatively small severely affected in the absence of formamide, so the magnitude
effect (4-fold) (Tablel). A large decrease in activity @ild) was  of the effect is difficult to quantify. While there is no straightfor-
associated with a C24G mutation, indicating a possible prefereneard interpretation of the denaturant effects, decreased activity

for pyrimidine at position 24. may indicate that a critical structure was at least partially disrupted
Addition of denaturants to cleavage reactions exaggerate timeseveral of the L3 mutants.
Table 1.
Nucleotidé Mutation kP (% cleaved) Krel® kid (% cleaved)
SAl-2 Wild-type 4.7/min (53%) 1 15/min (55%)
23 U23A 0.001 (7598) 2.1x 10 <0.001
u23Cc 0.003 (759%6) 6.4% 1074 0.001 (75%3
24 C24A 0.002 (759%) 4.3x10% 0.003 (7596
C24G <0.001 <x 10 <0.001
C24U 1.2 (57%) 2.6 101 2.3 (59%)
25 C25A 0.50 (60%) 1.x101 0.05 (60%)
26 U26A 2.6 (60%) 5.5 101 7.4 (60%)
27 C27A 0.59 (60%) 1.2101 1.3 (60%)
28 G28A 0.096 (60%) 2.8102 0.045 (60%)
29 C29A 1.0 (40%) 2.x101 2.2 (50%)
75 G75A 0.64 (43%) 1.4101 1.0 (70%)
G75C 0.007 (20%) 15103 0.025 (20%)
76 C76A 0.011 (20%) 2.8103 0.003 (20%)
77 U77A 6.8 (50%) 1.4 8.8 (72%)
u77C 1.9 (51%) 4,101 1.5 (51%)
78 A78C 0.006 (62%) 18103 0.003 (54%)
79 A79C 0.018 (57%) 3.8103 0.004 (35%)
80 AG80 2.8 (55%) 6.6 101 0.62 (67%)
-1 C-1A 2.7 (79%) 5% 101 0.84 (80%)
C-1G 0.30 (88%) 6.4 1072 0.30 (99%)
c-1u 4.9 (79%) 1.0 3.8 (78%)
1 G1A 0.33 (68%) 7.6 102 0.22 (74%)
G1C 0.027 (92%) 5% 103 0.07 (22%)
G1U 0.090 (79%) 1.8 102 0.04 (86%)
39 U39A 0.050 (33%) 1.5 1072 0.10 (62%)
usoc 1.9 (64%) 4.x 101 1.5 (64%)
U39G 0.070 (22%) 1.5 102 0.04 (47%)
G1A:U39C 2.6 (52%) 5.5 101 0.59 (73%)
G1C:U39G 0.22 (78%) 451072 0.14 (80%)
G1U:U39A 0.030 (79%) 6.4% 1073 0.04 (40%)

Nucleotide position.

bCleavage in 10 mM M at 37 C. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Materials and Me
CRelative activity. Rate constant divided by 4.7/min.

dCleavage with addition of 10 M formamide. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see M
and Methods)

€The curve fitting program would not fit data obtained for this mutant to the rate equation given in Materials and Methods unless the end point was fixed. There
the end point was set to a reasonable, though somewhat arbitrary, value.
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In total, these data suggest that L3 provides an essentmipothesized above for position G75, one explanation for these
structure for activity, either as part of the active site or througgffects was that the GC change at position 42 allows P4 to form
interactions with other sequences in the ribozyme. This was @m additional Watson—Crick base pair (with G75) and it was this
contrast to the situation with P4 and L4, where no effect was segpecific pairing that interfered with structure in the core sequences.
when those regions were mutated or deleted. It is very likely that . -
the structure of L3 could be important for optimal cleavag ossible base pairing between J1/4 and J4/2
activity and itis possible that several nucleotides in L3 (U23, C2he potential for Watson—Crick interactions between either G40 or
and G28) may have specific functions in the cleavage reaction@41 and C76 was tested in the dSIV ribozyme. At position 76 a
in stabilizing a structural feature essential for catalysis. C-G or U change resulted in complete loss of activity (T3ble
The potential for position C76 to pair with either G41 or G40 was
tested with three double mutants, G41C:C76G, G41A:C76U and
The J4/2 region in the antigenomic (GCUAA) and genomi340A:C76U. None of the double mutants showed any detectable
(GCGAA, positions 74-78) ribozymes are non-identical, butleavage activity in Mg with or without formamide. Although
similar, in sequence. If the secondary structures are accurate, tese results were negative, the experiments did not rule out contacts
antigenomic J4/2 sequence may contain an extra nucleotide (G88Y0ss this region.

The significance of this difference was examined by deleting G80
in the antigenomic sequence. While in the 5 min screen it appeafetjuence requirement for the nucleotide’ ®f the
that deletion of G80 had very little effect (R¥p), rate measure- cleavage site

ments revealed that the deletion actually resulted in a small decre%?ren ediately 5of the cleavage site a C in the antigenomic sequence
in activity and formamide sensitivity (Taldlg This suggested that Y 9 9 9

G80 contributed in some fashion, perhaps to stability throu%‘f'q a d'U n :he g$nomli s_er(rq]gence §g_§|}_gested a preI_eretn%e t])‘or €

interation with sequence in P3. No further alterations at position 88 1TMcine at position —1. This possibiity was investigated by

were tested. At other positions in J4/2 several base changes @Fad(mg mutations at the —1 position in the antigenomic sequence.
e

. L tes were found to be very similar with either C or U at
dramatic effects on self-cleavage activity (RB). Most notably avage ra - .
G75C, C76A, A78C and A79C resulted in large decreases in the é@ﬁ?'t'on —1 (Table). With the adition of formamide, however, the

The J4/2 sequence (positions 75-79)

of cleavage (250- to 800-fold down). A U77A mutation had n —1U change resulted in 2- to 3-fold slower cleavage, suggesting

detectable effect on activity, although a U77C mutation did causd/&t an interaction had been disrupted with that change. With an A
small 2- to 3-fold decrease. The negligible effect seen with alteri position —1 there was a 2-fold decrease in the rate of cleavage anc

U77 is consistent with sequence variation at the equivalent positi
in the genomic ribozyme (G76 in the genomic sequence).

additional 3-fold drop with the addition of formamide. A C-1G
Mmutation resulted in the largest decrease relative to SA1-2, 15- or

These data suggest that there are several key residues in Ig‘old in the absence or presence of formamide respectively. Thus

region of the ribozyme that are required for optimal activity. Whilé\ll ep f:) rfm ra Tldef (rlg |\|/2 Wis :nﬂtu o mrtr(]jeﬂ:e? '::htlo? :herfe ;Na\s; o
it provided little insight into possible structures involving thesé cor Preterence for L. In general it appeared that Ine rate of ceavage

nucleotides, it was noted that the.G change at position 75 could with substitutions at position —1 decreas_ed in the qrder, C=U>A
result in an extra Watson—Crick G-C pair at the end of P4 (the>%G' It should be emphasized that the differences in rates seen with
pairing with G42), thus extending the helix into the potential corg'2NIeS a;[ éiowere V(_?[_ry smr?llhrelatl;:je tot thte_ l?ﬁeCt.S S‘.atﬁn i’g‘h
region. The possibility that an extra Watson—Crick base pair at angt(re]s al tal position iN Ict CtouC fg en |aC%/<p§|r with —1&.
position may disrupt the core structure was supported by rec en the slowest cleaving —1 variant (C-1G) hiag mnmn -
evidence that a homopurine base pair at the end of P4 was requ absence of denaturants and thus would cleave to completion in

for full cleavage activity7). 30 min.
The J1/4 sequence (positions 40-42) A wobble base pair at the cleavage site

The genomic and antigenomic ribozymes each contain tfige secondary structures of both the genomic and antigenomic
sequence GGG connecting thesiBle of P1 to the'side of P4.  ribozymes (Figl) include the potential for a G-U base pair at the
The genomic sequence also contains an additional 3 nt (CA&lgavage site. In both structures the guanosine at positioof th@
that have been shown to be non-esseitial Changes in thisrun cleavage site) could pair with a U at thee®d of P1 (U39
of G residues were made in the dSIV background, which diffeemtigenomic or U37 genomic). While a G-U wobble interaction at
from SA1-2 only in that P4 has been shortened. The numberitite end of an RNA helix would not be unusual, evidence for the
of nucleotides in dSIV is otherwise the same as for SAl-ature of the base pair requirement at this position in these
Shortening P4 resulted in a 2-fold higher rate of cleav@ige ( ribozymes was lacking. The proximity to the cleavage site suggested
indicating that there was probably no adverse effect on thleat a G-U pair at this position could be functionally significant.
self-cleaving reaction due to this deletion. All of the six possibl€hanging G1 to an A resulted in a 14-fold decrease in cleavage rates,
individual base changes at positions 40 and 41 had dramatibile changing it to a pyrimidine resulted in a larger (50- to
effects on cleavage rates; most rates decreased by at least 20@-fold) decrease (Tahblg. Changing U39 to a C resulted in only
orders of magnitude (Tab®. Clearly, the presence of guaninea 2-fold decrease, but changing it to a purine resulted in a 50- to
at positions 40 and 41 is important. Addition of formamide td00-fold decrease in activity (Tallg If the bases at positions 1 and
these reactions did not stimulate cleavage of these mutants &3dinteract, these data indicate that purine-pyrimidine base pairs
cleavage rates in formamide were not quantified. (G-U, G-C and A-U) might be preferable to several pyrimidine-pyri-
Relative to positions 40 and 41 the effects of base changesmitine and purine-purine combinations (C-U, U-U, G-A and G-G).
position 42 were more sequence dependent. G42A, G42U anidree additional mutations were made in which the potential G-U
G42C were down 10-, 100- and 1000-fold respectively. Apair was replaced with C-G (G1C:U39G), U-A (G1U:U39A) and
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A:-C (G1A:U39C). The pyrimidine-purine orientations did notP1 (Fig.1). Cross-linking studies revealed that parts of L3 and J4/2
cleave well, but the A-C cleaved about eight times faster than thee also withiri10 A of the cleavage site phosphété) (Thus we
A-U and about half as fast as the wild-type G-U. The latter resuian conclude that portions of all three of these regions are physically
suggest that the G1A mutation could be partially rescued withclose to the cleavage site phosphate in the folded RNA and,
U39C change. These data indicated the order of activity for thoeerefore, could contribute to catalysis. By characterizing the effect
combinations that cleaved fastest was G-U >A-G-C > A-U.  of single base changes on cleavage activity we have now shown that
This data was consistent with two requirements: a preference fore@ch of these regions contain sequence critical for cleavage activity.
at position 1 and a purine-pyrimidine non-Watson—Crick base pair.
The addition of 10 M formamide to the reaction had a negative effect o
(4- to 5-fold) on the rate of cleavage of the A-C mutant, but a >_§
negligible effect on the G-C mutant (Taklg In formamide, f °__’>£
because of the enhanced activity, there was a clear preference for the _\?_( \
wild-type G-U combination. This suggested that while A-C can e _i('_ e
substitute for G-U at this site, it might be a less stable interaction. £
This would be consistent with an A-C wobble pair, isosteric with a i" ,>_§ o /
G-U wobble, but with one rather than two hydrogen bonds3jFig. »i( *
In support of this idea, there is preliminary evidence that the A-C
/l
N

s

mutant cleaves better in formamide at lower pH (pH 6.4;
A.T.Perrotta and M.D.Been, unpublished results), where protonation
of the adenine could allow formation of a second hydrogen bond — ey / ,=/ R

(29). f >_§ /
DISCUSSION SOAA /"—‘; v \ >_§
Self-cleavage activity of the HDV antigenomic ribozyme was ° ) c
sensitive to base changes in three regions that are represented as Y 4 A} -
single-stranded in the secondary structures. These three regions, a ¥ .=f_
hairpin loop (L3) and two joining sequences (J1/4 & J4/2), were

hypothesized to form part of the catalytic core of the ribozyme. In

terms of prOXimity to the site that i_S _C|eaVe_d J1/4 ha_-S to be close t@ure 3. Potential G-U and A-C wobble pairs compared with Watson—Crick
the cleavage site simply because it is continuous witH-gige3of  pairs.

Table 2.
Nucleotidé Mutation kP (% cleaved) KrelC kid (% cleaved)
dsiv 11 (72%) 1 19 (90%)
40 G40A 0.024 (70%) 2.2103 ndf
G40C 0.040 (60%) 3.8103 nd
G4oU 0.019 (709%) 1.7x 1073 nd
41 G41A 0.060 (6096) 5.5x 1073 nd
G4l1C 0.030 (60%) 2.7%x 103 nd
G41U 0.062 (609%) 5.6x 103 nd
42 G42A 0.79 (98%) 7.%102 0.82 (80%)
G42U 0.040 (809%%) 3.6x 103 nd
G42C 0.004 (50%) 3.610% 0.012 (40%)
75 G75C 0.002 (38%) 18104 0.006 (40%)
G75A 0.73 (97%) 6.6 102 1.6 (88%)
76 C76G <0.001 <x10%4 <0.001
C76U <0.001 < x 104 <0.001
G41A:C76U <0.001 <k 104 <0.001
G41C:C76G <0.001 <% 104 <0.001
G40A:C76U <0.001 <1x 104 <0.001

Nucleotide position.

bCleavage in 10 mM Mg} at 37C. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see Material
Methods).

CRelative activity. Rate constant divided by 11/min.

dCleavage with addition of 10 M formamide. First order rate constant (per min) and extent of cleavage expressed as a percentage of precursor cleaved (see M
and Methods)

€The curve fitting program would not fit data obtained for this mutant to the rate equation given in Materials and Methods unless the end point was fixed. There
the end point was set to a reasonable, though somewhat arbitrary, value.

fnd, rate not determined.
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SA1-2 . Genomic

{antigenomic)

results and conclusions reported by Taenetd (18) for J1/2 and

| | J4/2 in the genomic ribozyme. Specifically, in each of the joining
- sequences we found that base changes at equivalent positions
showed similar effects. In the J1/4 run of three G reiduesithesh

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

The secondary structures of the two ribozymes suggest that there
is likely to be a G-U pair at the cleavage site. While G-U pairs are
Figure 4. Summary of mutagenesis results. The secondary structure of th€0mmon in RNA secondary structures, especially at the ends of
antigenomic ribozyme is redrawn with only the core sequences emphasizethelices 32), this is the 0n|y natura"y occuring G-U pair proposed
The effect‘ that one or more mutations at a particular position had on the rate ﬂf] the current model of HDV ribozymes. Our data strongly suggest
cleavage is denoted as follows: lower case, <2-fold decrease; upper case, 2-.t0 . .
10-fold decrease; circled upper case, 10- to 100-fold decrease; boxed upp a.t a WObt_)Ie pair at the cleavqge site Is |mponant for Cleava;ge
case, >100-fold decrease. For comparison the genomic ribozyme is also shovttivity. Neither the Watson—Crick base pairs nor several mis-
using the mutagenesis data of Tarete (18) for J1/4 and J4/2, Viétial (13) matches function as well at this position. @fal (1993) found

for the cleavage site G-U pair and Kawakarral (19) for L3. For the G-Upair 5 gjmjlar effect for several base pair combination substitutions at
and L3 the activity is based on extent of cleavage after extensive incubatio

times, therefore, the rate of cleavage would probably be more severely affect;ﬂi“s p(_)SItI_On n thQ ge”QT_“'C sequence. In that study, while an A-C
than is indicated. combination at this position was not tested, G-U was preferable to

G-C, which in turn was better than A-U. For the G-U pair there are
two obvious differences from a Watson—Crick pair. Structural
eE,Ihanges associated with displacement of the U into the major

Several groups have assessed a variety of mutations in the =™ TSt e minor groove could distort the

equivalent core regions of the genomic ribozym -
. I . sugar—phosphate backbone and may facilitate the cleavage reac-
(9,13,18-20,30,31). Relative to the genomic ribozyme the antige 'pn. While distortions to the backbone may be mimicked by an

nomic is shorter by 1 nt in L3, shorter by three in J1/4 and long C wobble. G-U is i b £ th ine 2 ami
by one in J4/2. However, of the remaining nucleotides in these three wobble, G-U is mque because of the guanosine 2 amino
regions there is only one base difference (antigenomic U77 argf)”p’ which is displaced into the minor groove. The importance
genomic G76) and mutagenesis in both ribozymes indicated t ithe 2 amino group can be testgd by substituting Inosine for
there was no strict base requirement at that positign laving ~ 9uanosine at that positio3. It is noteworthy that in an
similar data sets on the core sequences of different ribozymeEidensively studied class of ribozymes, the group | introns, there
useful, because the ribozyme sequences forming the remaindefSoft U-G base pair at the $plice site. This feature is nearly
each structure are slightly different. Therefore, this makes it possiyariant in all of the natural isolate84 and, as with HDV

to distinguish between mutations that may specifically affect orf0zymes, the U-G pair can be replaced by Gpdr C-A (36)
ribozyme and those that are general to both and thus may identiffh only partial loss of activityn vitro. Recent studies on the
positions that participate in a catalytic center common to botfiffect of substituting C-G for the U-G pair in ffetrahymena
Tanner et al (18) have carried out a careful and thoroughdroup lintronrevealed that several aspects of the splicing reaction
characterization of the effect of site-specific change in the genonyiere affected, with the unifying theme being that docking of the
J1/2 and J4/2 core sequences. They started with a highly activé helix into the core of the ribozyme is less favorable with G-C
minimal ribozyme similar in length to SA1-2 and have determineB7). The relationship of the wobble pair to the site of cleavage,
rates of cleavage for the mutants relative to the wild-type. Desplewever, is different in these two cases. In the group | introns
differences in the sequences and in the approaches of the varidesivage of the RNA occurs& the U in the U-G pair and & 3
laboratories, there appears to be a striking correlation in the resuftgdroxyl group is generated; in HDV ribozymes cleavageds 5

For the most part all of the mutagenesis data were consistent witle G and a 'Shydroxyl is generated. In addition, preliminary
the idea that the two ribozymes form similar core structuregijFig. studies with arans-acting HDV ribozyme indicate that G-U
Our results with the antigenomic ribozyme closely parallel thpairing is weaker than either G-C or A-U combinations (A.T.Per-
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rotta and M.D.Been, unpublished results). The role of the G-} Perrotta,A.T. and Been,M.D. (1998)cleic Acids Res21, 3959-3965.
pair in the HDV ribozyme warrants further investigation. 12 Thill,G., Vasseur,M. and Tanner,N.K. (198%)chemistry32, 4254—-4262.
A three-dimensional structure of the HDV genomic ribozyme has m&:&l\kcil&ieﬁ]égi 'li%gﬂiévg" Huang,Y.-S. and Hsueh, T.-G. (1993)
been proposed g). This model incorporated established features of4 perrotta,A.T. and Been M.D. (19§:aayachemistry31, 16-21.
the secondary structure and brought residues identified by muia- puttaraju,M., Perrotta,A.T. and Been,M.D. (1998}leic Acids Res21,
genesis as essential in the core region together near the cleavage sit253-4258. .
phosphate. Because of extensive similariies in sequence dfid 185?23'"’1’?51'36 ;‘”d Robertson,H.D. (198Tc. Natl. Acad. Sci. US&8,
secondary structures betv_veen the two ribozymes in HDV we wo UH.-N., Wang,Y.-J.. Hung.C.-F., Lee,H.-J. and Lai,M.M.C. (1992)
expect the three-dimensional structures to be similar. The muta- 3. wol. Biol, 223 233-245.
genesis data on the antigenomic ribozyme appeared to be consistentranner,N.K., Schaff,S., Thill,G., Petit-Koskas,E., Crain-Denoyelle,A.-M.
with many features of the genomic ribozyme three-dimensional and Westhof,E. (1994urr. Biol., 4, 488-497. _
model. Until a physical structure is available, additional constraints® Kawakami.J., Kumar,P.K.R., Suh,Y-A., Nishikawa,F., KawakamiK.,
either from identifying compensatory mutants or from biochemical 2"/ Ontsuka,E. and Nishikawa,S. (1988}, J. Biochem 217,
approaches, are necessary to further refine the details. WheRBoakumar,P.R., Suh,Y.-A., Miyashiro,H., Nishikawa,F., Kawakami,J.,
physical model is available it should account for the mutagenesis Taira,K. and Nishikawa,S. (199®ucleic Acids Res20, 3919-3924.
data and together the two approaches will provide greater insigit Davanloo,P., Rosenberg,A.H., Dunn,J.J. and Studier,F.W. R884)

; ; Natl. Acad. Sci. USA1, 2035-2039.
into RNA stucture and function. 22 Kunkel, T.A., Roberts,J.D. and Zakour,R.A. (198/€thods Enzymgl154,

367-382.
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