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ABSTRACT: A model for the secondary structure of the self-cleaving RNA from hepatitis delta virus was
tested. Specific base changes were introduced in each of four regions with the potential for base-pairing
(stems I-1V), and for each variant sequence, a rate constant for cleavage was determined. In each stem,
mutations that would interfere with Watson—Crick base-pairing also reduced the first-order rate constants
by 10-10*-fold relative to the unmodified version. Within stems I and II and a shortened form of stem
IV, compensatory changes resulted in rates of cleavage equal to or greater than the unaltered ribozyme
sequence. Stem III compensatory mutants cleaved faster than the uncompensated mutants although they
were not as active as the natural sequence, suggesting additional sequence-dependent requirements within
thisregion. Structure probing of RNA containing the stem Il mutations provided anindependent confirmation
of stem II in the ribozyme. The predictive value of the model was tested by designing two trans-acting
ribozymes which were circularly permuted composites of genomic, antigenomic, and unique sequences. The
core of these two catalytic RNAs was the same, but they otherwise differed in that, in one of them, a
constraining tetraloop sequence was added to stem II. Both ribozymes catalyzed the trans cleavage of a
substrate oligoribonucleotide, thus providing additional evidence for stem II and the proposed structure in

general.

Self-cleaving sequences present in the genomic and anti-
genomic RNA of hepatitis delta virus (HDV)! may function
invivo to process both the genomic and the antigenomic RNA
during rolling-circle replication (Kuo et al., 1988; Sharmeen
et al., 1988; Wu et al., 1989). On the basis of the nucleotide
sequence flanking the HDV RNA cleavage sites, it was
recognized that the HDV self-cleaving structure would
represent a motif that is distinct from other self-cleaving RN As
for which secondary structures have been established (Kuo et
al., 1988; Sharmeen et al., 1988; Wu et al., 1989). In vitro,
the RN A self-cleaves in the presence of Mg2* or other divalent
cations, but the observed rate and extent of cleavage vary
greatly with both the size of the precursor and the sequences
flanking the minimal element (Wu et al., 1989; Rosenstein
& Been, 1990; Perrotta & Been, 1990; Belinsky & Dinter-
Gottlieb, 1991). For someslow-cleaving precursor sequences,
the rate of self-cleavage is greatly stimulated by moderate
increases in temperature or the addition of denaturants
(Rosenstein & Been, 1990; Belinsky & Dinter-Gottlieb, 1991;
Smith & Dinter-Gottlieb, 1991), suggesting that a sizable
fraction of the precursor population can fold into long-lived
inactive or slow-cleaving structures. Inthose cases, itis possible
that refolding of the RNA to enhance cleavage is facilitated
by higher temperatures or the addition of denaturants.
However, this explanation remains speculative, and details of
the structures, both active and inactive, which are essential
to the understanding of the self-cleavage reaction remain to
be identified.

Several possible foldings for HDV ribozyme sequences have
been presented as potential secondary structures for the self-
cleaving sequences from HDV (Wuet al., 1989, 1992; Perrotta

~ tSupported by the NIH (GM-40689) and by a North Carolina
Biotechnology Center Academic Research Initiation Grant. M.D.B.
received salary support from the American Cancer Society (JFRA-233).

* Address correspondence to this author. Telephone: 919-684-2858.

1 Abbreviations: HDYV, hepatitis delta virus; nt, nucleotide(s); PEI,
poly(ethyleneimine); TLC, thin-layer chromatography; Tris, tris(hy-
droxymethyl)aminomethane; EDTA, (ethylenedinitrilo)tetraacetic acid.

& Been, 1991; Rosenstein & Been, 1991; Belinsky & Dinter-
Gottlieb, 1991; Branch & Robertson, 1991; Thill et al., 1991).
These various models share some common features, but they
also differ in important details, such as the boundaries that
define the self-cleaving domain within the HDV sequence. In
light of the possibility that these sequences may tend to fold
into alternative structures, it is important to distinguish
between those secondary structures likely to represent the
most active self-cleaving form and those foldings which
represent interesting but inactive or less active structures.

Although the HDV ribozymes do not share the hammerhead
(Hutchins et al., 1986; Forster & Symons et al., 1987) or
hairpin—paper clip secondary structures (Hampel et al., 1990;
Feldstein etal., 1990), a single structural motif may be shared
by the genomic and antigenomic self-cleaving sequences in
HDYV (Rosenstein & Been, 1991; Perrotta & Been, 1991;
Branch & Robertson, 1991). Inthe version we have proposed
(Figure 1a,b), each sequence is folded to include four paired
regions, numbered I-IV, 5/ to 3/ from the cleavage site. The
5’ side of stem Il is part of the loop defined by stem I; likewise,
the 3’ side of stem I is part of the loop defined by stem II. In
the structure presented by Branch and Robertson (1991), two
pairings largely identical to stems I and IV are proposed. An
alternative alignment of nucleotides (nt) forming 2 base pairs
at the base of stem IV in that version of the genomic structure
is attractive because it allows for a stretch of 3 G’s connecting
stem I to stem IV to be represented in a similar manner for
both the genomic and antigenomic RNAs. That modification
has been incorporated into the genomic secondary structure
(Figure 1a, compare to inset). In the Branch and Robertson
model, additional potential interactions involving bases in the
loop generated by stem I (nt positions 8-30 in the genomic
and 8-32 in the antigenomic) are not defined, and the 3’ end
of the element forming part of stem I1 (Figure 1a,b) is paired
to a sequence 5’ to the cleavage site (nt positions —6 to -3 in
the genomic sequence and —5 to -3 in the antigenomic
sequence). Therefore, a prediction of this model is that
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cleavage activity should show dependence on the sequence of
the five tosix nt 5" to the cleavage site; however, that prediction
was not tested. The proposed pairing 5 to the cleavage site
is in sharp contrast to our model which, on the basis of results
indicating that one nt 5 to the cleavage site is sufficient for
both cis and trans cleavage (Perrotta & Been, 1990, 1992),
does not define interactions with sequences 5’ to the cleavage
site as part of the ribozyme secondary structure.

Results reported in this paper indicate that mutations in
each of the four proposed stems affect the rate constants for
self-cleavage in a manner consistent with the proposed
structure. The highest rates of self-cleavage were observed
in those sequences with the potential to form Watson—Crick-
pairing in all four stems. Two small permuted forms of a
trans-cleaving ribozyme were generated in which either stem
IV or stem II was closed by a stable tetraloop sequence; trans-
cleavage activity of these two ribozymes provided additional
evidence for the interactions that form stem II and stem IV,
and helps define a general form of an active HDV ribozyme.

MATERIALS AND METHODS

Enzymes, Reagents,and Chemicals. T7T RNA polymerase
was purified from an overexpressing clone kindly provided by
W. Studier (Davanloo et al,, 1984). Modified T7 DNA
polymerase (Sequenase) was purchased from U.S. Biochem-
icals (Cleveland, OH). EcoRIwas provided by Paul Modrich
(Duke University). Other enzymes (restriction endonucleases,
T4 DNA polymerases, T4 DNA ligase, T4 polynucleotide
kinase, and calf intestinal phosphatase), nucleotides, 32P-
labeled nucleotides, and chemicals were purchased from
commercial sources.

Plasmids. The plasmid pSA1-2 is a synthetic version of
the sequence of the antigenomic self-cleaving element inserted
downstream of a T7 promoter (Perrotta & Been, 1991). The
plasmid pdSIV was made by annealing four oligonucleotides
(5’-AATTCGGGTCGGCATGGCATCTCCACCTCC
TCGCGGTCCGAC, 5-TGCCCAGGTCGGACCGCGAG
GAGGTGGAGATGCCATGCCGACCCG, 5’-
CTGGGCATCTTCGGATGGCTAAGGGAGCA, and 5'-
AGCTTGCTCCCTTAGCCATCCGAAGA) and cloning
theseinto pTZ18U that had been cut with EcoRI and HindIII
as previously described for the construction of pSA1-2
(Perrotta & Been, 1991). Thevariants of pSA1-2 and pdSIV
were generated by oligonucleotide-directed mutagenesis using
auracil-containing single-stranded form of the plasmid as the
template (Kunkel et al., 1987; Vieira & Messing, 1987). The
mutagenic oligonucleotides were complementary to the strand
of DNA which was of the same sense as the transcript. Trans-
cleaving forms of the ribozyme were generated by cloning
synthetic double-stranded fragments into pTZ18U. Plasmids
with the desired mutation were identified by sequencing
miniprep DNA by primer extension with modified T7 DNA
polymerase (Tabor & Richardson, 1987) and dideoxynucle-
otide chain terminators (Sanger et al., 1977). Following a
second round of transformation to ensure segregation of the
mutated form, plasmid DNA was prepared from overnight
cultures by boiling lysis and purified by CsCl equilibrium
density centrifugation in the presence of ethidium bromide
(Maniatis et al., 1982).

Transcriptions. Plasmid DNA waslinearized with HindII],
extracted with buffered phenol and chloroform and ethanol-
precipitated. Transcriptions were carried out in 0.05-mL
reactions containing 40 mM Tris-HCI (pH 7.5), 15 mM
MgCl,, S mM dithiothreitol, 2 mM spermidine, ribonucleoside
triphosphates at 1 mM each, 0.05 mCi of [«-?2P]CTP, 2.5 ug
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of linear plasmid DNA, and 300 units of T7 RNA polymerase.
Transcription reactions with pdSIV also contained 2 M
oligodeoxynucleotide which was complementary to the se-
quence in the 5 portion of the precursor RNA to inhibit self-
cleavage during transcription. Incubation was for 60 min at
37 °C, then EDTA was added to 50 mM and formamide to
50% (v/v), and the RNA was fractionated by electrophoresis
ona 6% (w/v) polyacrylamide gel containing 7 M urea. RNA
was located by autoradiography, excised, eluted overnight at
4 °C [in 10 mM EDTA and 0.1% (w/v) sodium dodecyl
sulfate], and recovered by ethanol precipitation. In the
preparation of trans-acting ribozymes, the transcription
reaction was scaled up to 0.5 mL, the label was omitted, and
the RNA was located by UV-shadowing following electro-
phoresis.

Self-Cleavage Reactions. Radiolabeled precursor RNA
generated by in vitro transcription was separated from the
cleaved material by gel electrophoresis under denaturing
conditions in the presence of EDTA to prevent additional
self-cleavage. Precursor RNA was preincubated at 37 °C for
5 min in the cleavage cocktail minus Mg2*, and the cleavage
reactions were initiated by the addition of MgCl, (prewarmed
to 37 °C); final conditions were 40 mM Tris-HCI (pH 8.0),
I mM EDTA, 11 mM MgCl,, and approximately 5-50 nM
RNA. For reactions that contained 10 M formamide, the
formamide wasincluded in the preincubation. For time points,
S-uL aliquots were removed and quenched by mixing with
5-10 uL of formamide/dye mix containing 25-50mM EDTA.
Precursor and product were separated by denaturing gel
electrophoresis [6% polyacrylamide (bis(acrylamide):acry-
lamide ratio of 1:29) gels containing 7 M urea, 0.05 M Tris—
borate, pH 8.3, and 0.5 mM EDTA). The precursor and
3¥’-cleavage product were located by autoradiography, excised,
and quantified by counting Cherenkov scintillation. The 5
product migrates off these gels and was not recovered. The
fraction cleaved (F) was calculated as [cpmproduct / (cpmprecursor
+ cpmproduct)] /N, where cpmprecursor and cpmproduct have been
corrected for background counts and N is the fraction of label
present in the 3’ fragment (N = 0.95-0.97 for the precursors
used in this study). The first-order rate constant (k), and end
point (EP), and the standard errors (SE) were obtained from
nonlinear least-square fits of the data to the equation F =
EP(1 — e*"), using Systat software. The half-lives (¢, /2) for
precursors reported in the text were calculated from ¢,/, =
0.693/k. For the faster cleaving sequences, the end point was
also estimated from time points taken at 5-60 min
[(10-200)¢;,2]. At these extended time points, the experi-
mentally determined end point often exceeded the calculated
value (which ranged from 0.49 to 0.89) by 5-10%, suggesting
that there may be a slow-cleaving precursor population in
those preparations. However, to simplify the presentation of
thedata, all reactions were analyzed as though they contained
a single major species that cleaved with simple first-order
kinetics, and both the end point and the first-order rate constant
are given for the fast phase of the reaction with each precursor.

Trans-Cleavage Reactions. Substrate, DHS4
(rC"GGGUCGG), was chemically synthesized (at U.S. Bio-
chemicals) and gel-purified (Perrotta & Been, 1992). For
multiple turnover experiments, trace amounts of 5’-32P end-
labeled DHS4 were mixed with known quantities of unlabeled
DHS4. Substrate and enzyme were preincubated separately
in 40 mM Tris-HCI (pH 8 at 25 °C), | mM EDTA, and 11
mM MgCl; for 2 min at 37 °C and then mixed to start the
reaction. Variations in the time and temperature of the
preincubation were not seen to have an effect on the subsequent
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reactions. Samples (2 uL) were removed at the determined
times and fractionated by TLC which separates the labeled
nucleoside 5’-phosphate 2/,3-cyclic phosphate from the un-
cleaved substrate (Perrotta & Been, 1992). Radioactivespots
were located by autoradiography, excised, and counted. For
single-turnover experiments, trace amounts of labeled DHS4
(<1 nM) were used with increasing concentrations of CDC200
or PDC7 RNA. At least three time points were taken for
each enzyme concentration; these were fractionated by TLC
and quantified as described above. Pseudo-first-order rate
constants obtained for each enzyme concentration were fit to
the equation given in the text to obtain a rate constant (k) and
the Michaelis constant (Ky).

Structure Probing with Nuclease V1. Reaction conditions
for nuclease V1 digestion were described previously (Rosen-
stein & Been, 1991). Briefly, 5’ end-labeled 3’-cleavage
product RNA was preincubated at 37 °C in V1 cocktail
containing 0 or 5 M urea, and the nuclease was added.
Reactions were terminated by adding formamide/EDTA/
dye mix and putting them on crushed dry ice.

RESULTS

Characteristics of Self-Cleavage of the Antigenomic Se-
quence SAI-2. A synthetic version of the antigenomic self-
cleaving element SA1-2 (Figure 1c) has been described
previously (Perrotta & Been, 1991). Under conditions used
for transcription, 45-55% of the RNA is cleaved during in
vitro transcription; however, with chelation of the Mg2*, the
purified precursor is stable and does not cleave until Mg?* is
added again to initate the reaction. With different prepa-
rations of purified SA1-2 precursor, approximately 55-70%
of the RNA will cleave. For a given preparation of RNA, the
proportion that cleaved was not increased by repeated cycles
of heating and cooling (95 and 37 °C), and less than 5% of
the reisolated uncleaved material (after 30 min at 37 °C)
cleaved when tested again (data not shown). This suggested
that, for the SA1-2 precursor, the uncleaved portion that
remained is either an exceedingly stable alternative conformer
of the RNA or, more likely, contaminating noncleavable
sequences that copurified with the precursor. However, with
the other sequences used in this study, the extent of cleavage
varied, both during transcription and in the subsequent
reactions with purified precursors. Also, with some precursor
sequences, the extent of cleavage increased in 10 M formamide,
suggesting that, in those cases, noncleaving conformers do
contribute to the observed end points.

At37°Cin 10mM Mg?*, nearly half of the SA1-2 precursor
had cleaved by the first time point at 8 s (Figure 2a). The
reaction was essentially complete after 1 min in that the extent
of cleavage at 5, 10, and 30 min was not significantly greater
than that at 1 min (data not shown). The data from
independent time courses using four different preparations of
SA1-2 precursor were quantified and plotted (Figure 3a); the
solid line was generated using a first-order rate constant, k,
of 4.7 min™! (¢;; of about 9 s) with an end point of 0.65 (Table
I). The addition of 10 M formamide to the reaction appeared
to give a small increase in the rate constant (~2-fold, & = 10
min~!) without greatly increasing the end point (EP = 0.70)
(Figure 3b). Duetouncertainties in mixing times, temperature
fluctuations, and quenching times, rate constants this fast are
only approximate; however, the 2-fold difference in rate
constants for SA1-2 precursor measured with and without
formamide is always reproducible. The effect on the kinetics
of cleavage of each mutation or combinations of mutations in
stems I, II, and III will be compared to results with SA1-2
(Table I).
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FIGURE 1: Proposed HDV ribozyme secondary structures. (a and
b) Secondary structures for the genomic and antigenomic self-cleaving
sequences of HDV ribozymes. Arrows indicate the sites of cleavage,
and numbering is from the site of cleavage. Analternative alignment
at the base of stem IV in the genomic sequence (see text) is illustrated
intheinset. (c) Mutations made in SA1-2, a synthetic version of the
antigenomic sequence, used in thisstudy. The SA1-2sequencediffers
from the wild-type antigenomic sequence in the loop of stem IV and
in vector-derived flanking sequences which are shown in lower case
letters. The entire sequence of the SA1-2/HindIII runoff is shown.
The mutations in stems I and II are the same as previously described
(Perrotta & Been, 1991), and the changes made to stem III and the
deleted form of stem IV are shown to the right.

Mutations in Stems I and II. In both the genomic and
antigenomic structures, stems I and II define the boundaries
of the self-cleaving sequences. Stem I, a 7 base pair duplex
adjacent to the site of cleavage, contributes to substrate
selection in a trans reaction (Perrotta & Been, 1992). Forthe
self-cleavage reaction, the introduction of G3c¢ and Uda
mismatches (G to C at position 3, and U to A at position 4)
in the 5/ side of stem I (SIS, Figure 1c) or A36u and C37¢g
in the 3’ side (SI3’, Figure 1c) substantially reduced the rate
of cleavage (Figure 2b). After 1 min, where the cleavage
reaction of SA1-2 is complete, less than 2% of the SI5’ or SI3’
precursor has cleaved. After 30 min, approximately 10% has
cleaved. For SIS, the rate constant for cleavage was down
about 400-fold (k¥ = 0.012), and for SI3’, the rate constant
was down 60-fold (k = 0.08) (Table I).

The potential for base-pairing in SI is restored when both
sets of base changes are combined to generate SI5’3’. The
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FIGURE 2: Self-cleavage reactions. All reactions were as described
under Materials and Methods and were carried out in the absence
of denaturants except as indicated. In each case, the upper band is
the precursor, and the lower band is the 3’-cleavage product. Examples
of autoradiograms are shown from time courses for (a) SA1-2, (b)
stem I mutants, (c) stem II mutants, (d) stem III mutants [C21g,
G3lc, and the double mutant (C21g:G31c], and (e) dSIV cleaved
in the absence and presence of formamide.

compensatory base changes restored the higher rate of cleavage
(Figure 2b). The ¢, is about 3 s (k = 14 min™!, Table I).
At this rate, the reaction would have gone through 2 half-lives
by the first time point (8 s). Therefore, while there may be
asystematic error in the estimate of the rate constant, the rate
constant for the compensatory mutant is reproducible and
very close to that for the SA1-2, if not higher.

Cleavage of SI3’ generated a small amount of a second,
faster running product (Figure 2b). The identity of this band
has not be determined, but it could be due to cleavage between
C5and G6, 5 nt 3" to the original cleavage site. The sequence
at this secondary cleavage site would form an acceptable stem
I in a precursor containing the SI3’ mutation (Figure 1b): it
would contain one U-G base pair but would otherwise be
identical to stem I in the SI5’3” double mutant.

Stem 11 is a short pairing involving sequences at the 3’ end
of the self-cleaving domain and sequences in the loop defined
by stem I. We have previously shown that the requirement
for base-pairing in stem II is most obvious when the cleavage
reaction is carried out in 10 M formamide (Perrotta & Been,
1991). It was less apparent from these data that disruption
of base-pairing in stem II (SIIS” and SI13’, Figure 1c) also
affected cleavage in the absence of denaturants. However,
an examination of the kinetics of the reaction in both the
absence and presence of denaturant showed that the effects
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FIGURE 3: Kinetics of cleavage. Data from independent time courses
are superimposed on graphs of theoretical curves generated with the
data in Table I. (a) SA1-2. (b) SA1-2 in 10 M formamide. (c)
Stem II mutants: SII5’ (open circles); SII3” (open squares); SII5'3’
(closed circles). (d) Stem Il mutantsin 10 M formamide; the symbols
are the same as in graph c. (e) Stem IV mutants: dSIV (circles);
dSIVS5'3 (squares). (f) Stem IV mutants: dSIVS5’ (squares);dSIV3’
(circles). For all graphs, the fraction cleaved is plotted as a function
of time in minutes; note that individual time courses varied from 1
to 30 min.

of the mutations are general (Figures 2c and 3c,d). In the
absence of denaturants, the rate constant for cleavage of SIIS’
was down almost 50-fold (kK = 0.10 min™') and that of SII3’
was down 15-fold (k = 0.31 min™') relative to SA1-2. Inthe
presence of formamide, the differences were greater, with the
rate constants down 400-fold for both SII5” and SII3’ (Table
I). Thecombination of mutations, which restored base-pairing
in stem II, restored the higher rate constant for self-cleavage
in both the absence (k = 15 min™!) and presence of formamide
(k = 8 min™!). Therefore, formamide exaggerated the
differences between those precursors which are capable of
base-pairing in stem II and those which are not. A similar
effect of formamide had been seen in stem I (Table I).

A restriction endonuclease site (Ddel) makes it possible to
generate a precursor which ends after position 79, one
nucleotide short of the 3’ side of stem II. SA1-2/Ddel
precursor is deleted of sequences involved in the formation of
the 3’ side of stem II. It cleaves, but with a substantially
lower rate constant (k = 0.01 min™') than the HindIII runoff
of SA1-2(TableI). Theaddition of formamide to the reaction
further reduced the rate of cleavage, but the data were not
quantified. A Ddel runoff of the SII5’ mutant cleaved with
a rate constant (k = 0.22 min™!) close to the HindIII runoffs
of the SII5* (0.10 min~') and SII3’ (0.31 min!) mutants.
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Table I: Rate Constants for Cleavage in the Absence and Presence of Denaturant?

precursor RNA k (min™!) SE EP % wt k kf (min™1) % wt kf
SA1-2 (wt) 4.7 0.3 0.65 100 10.4 100
SA1-2/Ddel 0.010 0.003 0.57 0.21 - -
SI5’ (G3c,U4a) 0.012 0.004 0.41 0.26 <0.001 <0.01
SI3 (A36u,C37g) 0.08 0.01 0.12 1.7 <0.001 <0.01
SI153/ 14 2 0.49 300 10 96
SII5’ (U17a,C18g) 0.10 0.02 0.97 2.1 0.023 0.22
SII3’ (G81c,A82u) 0.31 0.03 0.88 6.6 0.024 0.23
SII5 3/ 15 1 0.85 320 8.4 81
SI15’/Ddel 0.22 0.02 0.77 4.7 - -
SIIIS” (A20c) 0.14 0.07 0.74 30 [0.012] 0.12
SIII¥ (U32g) 0.25 0.06 0.71 53 [0.007] 0.067
SIIIS 3/ 1.0 0.1 0.75 21 0.59 5.7
SIIIS (C21g) <0.001 <0.02 <0.001 <0.01
SIII3 (G31c) <0.001 <0.02 <0.001 <0.01
SIIIS 3! 0.22 0.03 0.89 4.7 0.05 0.48
SIII5 (C21g,C22g) <0.001 <0.02 <0.001 <0.01
SIII3’ (G30¢,G31¢) <0.001 <0.02 <0.001 <0.01
SIIIs 3 1.4 0.2 0.68 30 0.08 0.77
dSIv 11 1 0.83 230 15 144
dSIV5’ (Ad44u,U45a) 0.26 0.04 0.75 2.4b 0.14 1.3
dSIV3’ (A72u,U73a) 1.3 0.2 0.84 126 0.12 1.2
dSIVs’3’ 23 4 0.84 200° 25 170®
dSIVB 0.059 0.003 0.79 1.2 - -

2 All runoffs, except for those denoted by /Ddel, were HindIII runoffs. For reactions carried out in the absence of formamide, rate constants (k),
error estimates (SE), and the end point (EP) of the reaction were obtained from nonlinear least-square fits to the equation given under Materials and
Methods. For reactions done in the presence of 10 M formamide, only the rate constant is given (kf). Values given in brackets are estimated from
slopes of first-order plots without correcting for end points and therefore are lower limits. Values <0.001 were given to variants with essentially no
cleavage activity. For each set of mutants, the nomenclature refers to mutations in the 5’ side of the stem, the 3’ side of the stem, or the compensatory
combination of those mutations. Mutations were generated in the SA1-2 (antigenomic) sequence except for the stem IV mutations, which were made
in a shortened form of stem IV (dSIV). Dashes indicate reduced cleavage activity in the presence of formamide that was not quantified. # Rate constants

for the dSIV mutants were compared to dSIV not to SA1-2.

Evidence for Structural Changes in RNA Containing the
Stem II Mutations. While a structural basis for the effect
of the stem II mutations is inferred from the effects on the
kinetics of cleavage, it is also possible to probe structural
changes directly. The sequence 3’ of the cleavage site (in the
form of the 3’-cleavage product), which contains all essential
components of the ribozyme except for a nucleotide 5’ to the
cleavage site, has been probed with nucleases (Rosenstein &
Been, 1991). Thedigestion patterns were generally consistent
with the proposed models. 3’-Product RNA isolated from
cleavage reactions with SII5’, SII3’, and SII5’3/ precursors
was 5’ end-labeled and probed with cobra venom (V1) nuclease;
the digestion patterns were compared to similar digestions of
SA1-2 (WT) 3’-cleavage product (Figure 4). V1 nuclease
cuts preferentially in helical or stacked regions with little
sequence preference (Lowman & Draper, 1986; Ehresmann
et al., 1987). In the SA1-2 sequence, major cut sites were
observed in the 5’ and 3’ sides of stem I (U4, CS5, and G35)
and the 5’ side of stem II (U17 and C18) (lanes 5, 6, 7, 14,
and 15). When either side of stem II was mutated (5/, lanes
8,9, 16, and 17; or 3, lanes 10, 11, 18, and 19) the cuts at
positions 17 and 18 largely disappeared. In SII5/ and SII¥,
the pattern of cutting in the region between positions 16 and
26 changed dramatically, although cuts in stem I were not
affected. With the compensatory change, SII5'3’ was again
cut at positions 17 and 18, and the overall pattern appeared
more similar to the SA1-2 RNA than to either SII5 or SII3.

More obvious alterations in cutting patterns for the different
variants were seen in the presence of 5 M urea than in its
absence (Figure 4, compare right and left sides of the gel).
Urea, like formamide, will enhance cleavage rates for the
wild-type HDV ribozymes (Rosenstein & Been, 1990, un-
published results). Urea was used previously in structure
probing studies of the HDV ribozyme where, in the presence
of 2-10 mM Mg?*, it “enhanced” cutting patterns (Rosenstein
& Been, 1991). For the stem II variants, the addition of urea

did enhance V1 cutting in the stem III and stem loop III
sequences. Because nuclease V1 will cut in stacked helical
sequences which need not be duplex (Lowman & Draper,
1986), these results do not necessarily imply that the stem
loop III sequence assumes an alternative base-paired structure
with the SII mutants; it could be that disruption of base-
pairing in stem II makes an otherwise good substrate (stacked
loop nucleotides) for nuclease V1 more accessible to that
nuclease. The addition of urea, by further destabilizing
residual stem II or other interactions, could increase this
accessibility. Ifthesequence of stem loop III actually adopted
alternative structures, a loopin SA1-2 and SII5’3/, but a duplex
in SIS’ and SII3’, the results would suggest that the alternative
structure would be more stable in the presence of denaturant
(Figure 4 and data not shown).

Stem III. Stem III, as drawn, contains 3 base pairs and
is closed by a loop of 8 nt in the genomic and 7 nt in the
antigenomic sequence. Several changes and compensatory
changes were made in the stem III sequence; the effects were
variable, and some were dramatic. Disruption of the covariant
positions (A20c or U32g) resulted in a 20-30-fold decrease
in the rate constant for cleavage, while the compensatory
combination resulted in a 4-7-fold enhancement over the single
mutants. The rate constant for cleavage in the compensatory
mutant was down 5-fold from SA1-2 (Table I). In contrast,
no cleavage was detected after 30 min with precursors
containing a C21g (5’ side) or a G31¢ (3’ side) mutation
(Figure 2). We estimate that the rate constant for cleavage
was down at least 4 orders of magnitude. The compensatory
mutant, C21g:G31c, restored cleavage to a measurable level
(k = 0.22 min™1); it was down 20-fold relative to SA1-2, but
up more than 200-fold relative to the single mutants. In
contrast to the compensatory mutations in stems I and II, the
addition of formamide to the reaction with the C21g:G31c¢
compensatory change resulted in a further reduction in the
rate constant (k = 0.05 min™!).
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FiGurg 4: Nuclease V1 probing of stem Il mutants. Reactions
contained 0.01 unit/pL V1 and either no urea (lanes 5-12) or 5 M
urea (lanes 14-21) and were incubated at 37 °C for 1 and 2 min.
The RN As used were (WT) SA1-2, (5) SII¥, (3') SII3, and (5'3)
SII5'3". Lanes 1-4 contained markers generated using SAl-2
RNA: C, untreated controls; H, alkaline hydrolysis; T, RNase T1;
U, RNase U2. Samples were fractionated by electrophoresis on a
20% polyacrylamide gel containing 7 M urea, and an autoradiogram
is shown. Note that V1 products contain a 3’-hydroxyl group and
thus show a reduced mobility relative to the 3/(2’)-phosphate group
containing markers.

Additional mutations instem III, C to G changes at positions
21 and 22, and G to C changes at positions 30 and 31, also
resulted in dramatic loss of activity, but the compensatory
combination restored activity; the rate constant for cleavage
wasat least 10°-fold higher than in the uncompensated mutants
(Table I). Although the compensatory mutant had a rate
constant for cleavage (1.4 min~') close to that of SA1-2 in the
absence of denaturant, in the presence of 10 M formamide
the rate constant was down 102-fold.

Stem I'V. Before making specific base changes in stem IV
to test base-pairing possibilities, we made two deleted forms.
dSIV (Figure 1c) contains a deletion of all but 4 base pairs
of stem IV; this shorter version is closed with a tetraloop
sequence (UUCG). dSIVB contains a deletion of essentially
allofstemIV. Inits place, C43is joined to G74, thus replacing
the stem with a dinucleotide. dSIV cleaved rapidly and to
near-completion (k = 11 min!, EP = 0.88) (Figures 2e and
3e) while dSIVB cleaved about 100-fold slower than SA1-2
(k = 0.06 min~'). dSIVB was not examined further.

Using the dSIV sequence, changes were made in the 5 and
3’ sides of the truncated stem IV (Figure 1b). Moderate
decreases in rate constants were observed for dSIV5” and
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FIGURES: Circularly-permuted trans-cleaving composite ribozymes.
(a and b) Sequences and proposed secondary structures of CDC200
and PDC7 RNAs. Each ribozyme is shown base-paired with the
substrate oligoribonucleotide. (c and d) Cleavage reactions with
excess substrate using CDC200 and PDC7, respectively. Moles of
product generated per mole of enzyme (P/E) as a function of time
is plotted. The lines are fit to the initial portion of the steady-state
region of the time course and have intercepts of 1.1 £ 0.1 and 0.7
+ 0.1 P/E and slopes of 0.044 & 0.004 and 0.017 £ 0.002 min' for
CDC200 (c) and PDC7 (d), respectively. (e and f) Single-turnover
kinetics. Different symbols represent two independent sets of rate
determinations; solid lines are theoretical curves generated with the
kinetic constants given in the text.

dSIV3 (Figure 3f) (k = 0.26 and 1.3 min™!, respectively).
However, the compensatory mutant, dSIV53, cleaved as fast
or faster (k = 25 min™!) than did dSIV (Figure 3e). We
conclude that base-pairing within the sequence forming stem
IV is required for efficient cleavage activity.
Circularly-Permuted Composite Trans-Acting Delta Ri-
bozymes. The information gained from the above analysis
has been applied to the design of two novel trans-acting
ribozymes with the general HDV motif (Figure 5). Each
ribozyme contains short regions from the antigenomic sequence
[the 3’ side of stem I, the sequence joining stems I and IV
(JI/IV), part of stem IV, and stem loop III] and the genomic
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sequences [stem ITI, the region joining stems IV and IT (JIV/
II), and part of stem II]. The only differences between the
two RNAs reside in the sequences making up stem II and
stem IV. In CDC200, the sequence begins and ends in stem
I1, and stem IV is closed with a tetraloop. In PDC7, the
sequence beings and ends in stem IV while stem II is closed
with a tetraloop. Stem Iis formed through an intermolecular
association with a substrate oligonucleotide as previously
described (Perrotta & Been, 1992).

Both forms of the trans-acting ribozyme were active. When
the substrate 8-mer is 5’ end-labeled with 32P, cleavage releases
a cytidine 2’,3’-cyclic 5’-[32P]-diphosphate which can be
followed by thin-layer chromatography (Perrotta & Been,
1992). At 37 °Cin 10 mM Mg?*, with substrate in 10-fold
excess, there is a burst of product release followed by a slower
rate of product formation (Figure 5c,d). The burst size is
consistent with approximately 1.1 (£0.1) mol of product per
mole of CDC200 and 0.7 (£0.1) mol of product per mole of
PDC7. This suggests that the first binding event results in
rapid cleavage but then there is a change in the rate-limiting
step to a slow step subsequent to cleavage, resulting in slow
turnover. The burst size near unity indicates that most of the
enzyme is active. Slow turnover was seen with an earlier
form of the trans-acting ribozyme, ADC1 (Perrotta & Been,
1992), and slow product release was suggested as one possible
cause of the low turnover.

For trans cleavage, the rate of product formation during
the burst is the relevant parameter to use for comparison to
the self-cleavage reaction because self-cleavage is a single-
turnover reaction. The pre-steady-state kinetics of the trans
reaction were therefore examined. Using trace amounts of
labeled substrate, pseudo-first-order rate constants for cleavage
(kobs) were determined with increasing enzyme concentrations
(Figure 5e,f). In each case, the rate of cleavage plateaus at
high enzyme concentrations, consistent with a change in the
rate-limiting step or saturation of the substrate. The data
were fit to the equation ks = kK[E]/(Km + [E]) using a
nonlinear least-squares curve-fitting program, where k is the
rate constant for single-turnover at saturating [E] and Ky is
the Michaelis constant representing the enzyme concentration
giving half-maximal rate of cleavage. For CDC200, k = 1.5
%+ 0.1 min~! and Ky = 0.7 £ 0.1 uM (k/Ky =2 X 108 M™!
min~!). For PDC7, k = 0.52 = 0.05 min~! and Ky = 0.10
% 0.02 uM (k/Kym = 5 X 10¢ M™! min™!), Therefore, the
single-turnover rate constant is 3—10-fold lower than the first-
order rate constant for the self-cleaving form of the SA1-2
precursor, suggesting that the rate-limiting step for cleavage
could differ for these cis and trans forms of the reaction. The
second-order rate constants (k/Kwm) are within a factor of 3
of each other but are less than the 107-108 M~! min~! values
obtained for association of oligonucleotides to form duplex
(Nelson & Tinoco, 1982) and the binding of substrate
oligonucleotide by the Tetrahymena ribozyme (Herschlag &
Cech, 1990).

DISCUSSION

Mutations in Duplex Regions Affect the Rate Constants
of Self-Cleavage. In every one of the four proposed paired
regions, mutations that disrupted base-pairing resulted in
decreased activity whereas mutations in combinations that
regenerated the hypothesized pairings also restored a level of
activity that was greater than either noncompensated mutant.
If those sequences were not base-paired as is proposed in the
model, the combination of mutations would be expected to be
no more active, or possibly less active, than either mutation
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byitself. Therefore, the results provide strong support for the
proposed model.

How might the mutations affect the experimentally mea-
sured rate constant for cleavage? In a simple kinetic scheme
for the self-cleavage reaction where the reaction is initiated
with the addition of MgCl,, there may be a preequilibrium
between inactive (R;) and active (R,) structures of the RNA
precursor (step 1). Assuggested by end points less than 100%,
some of the RN A may also partition intoa completely inactive
form (“Raeed”) for which essentially no further activity is
observed. Cleavage chemistry occurs in a second step with
R, to generate the two products. Although the products may
dissociate in a third discrete step, our assay does not distinguish
between the products of cleavage that have and have not
dissociated. True reversal of the cleavage reaction has not
yet been demonstrated, so, presumably, under the conditions
being used, the equilibrium for cleavage or dissociation or
both would be far toward product formation and we can
combine those steps in a simplified scheme (Scheme I).

Scheme I

ki k2
R, <R, —~ Pl +P2

kg

The results from the mutagenesis and kinetic studies indicate
that disruptions of the paired sequences had to have either (i)
decreased the rate constant for a rate-limiting step, (ii)
decreased the rate constant of another step so that it becomes
rate-limiting, or (iii) decreased the concentration of active
precursor in the preequilibrium (Keq = ki/k-;). If the
preequilibrium is rapid relative to subsequent steps (k- >
k»), then changes either to the preequilibrium constant (Keq)
or to k; will be seen as alterations in the observed first-order
rate constant because Kopsg = k2[Ra]/([Ra] + [Ri]) = k2/(1
+ 1/K). Thus, while k; would be rate-limiting, kobsg would
be less than k; except when K is large and most of the
precursor is in the active conformation. Alternatively, if the
preequilibrium is not rapid (k; > k1), then either k; or k;
or a combination of both could be rate-limiting. Mutations
in duplex regions could have affected the relative stability of
alternative structures in the RNA, thus altering either the
equilibrium constant or the rate constants defining the
equilibrium for cleavable and noncleavable conformations of
the RNA. Increasing K. (or k; and k-;) may be an
explanation for why some of the compensatory changes resulted
inmoderate increases in the rate constant for cleavage relative
to the SA1-2 precursor; it could also explain why denaturants
(formamide or urea) can enhance cleavage of some precursors.
However, it is also possible that some mutations will affect
kobsa by altering the rate constants for steps making up k; (for
example, chemistry, or other slow conformation changes prior
to chemistry, or in the case where the equilibrium constant
for chemistry is unfavorable, product dissociation). Clearly,
further characterization of the reactions for each mutant would
be necessary to assign an effect of the mutations to changes
in a particular constant in the kinetic scheme. Nevertheless,
in the simplest model for cleavage, the proposed structure
would be the most active form of the ribozyme, and in a
complex model, each secondary structural element would be
required for one or more folding intermediates.

Stem I. Changes in either side of stem I, which would
destabilize this pairing, were found to dramatically reduce
the rates of cleavage (50-400-fold). With the positions tested,



11850 Biochemistry, Vol. 31, No. 47, 1992

the evidence suggests that altering the sequence while
maintaining Watson—Crick-pairing had only minimal effects
on the rate of cleavage. The effect of compensatory changes
in stem I was to restore the rate for cleavage to the original
level (a slight, 2-3-fold, reproducible increase in the rate of
cleavage was actually measured). The predicted stability of
stem [ in SI5’3’ relative to SA1-2 is essentially the same (AAG®
= 0.5 kcal/mol; Frier et al., 1986). If the 2-3-fold increase
in rate was real, it would suggest that within stem I not all
base pairs are equal, and we would predict that some base pair
combinations could also cause a slight decrease in the rate of
cleavage.

Stem II. Mutations that would be expected to destabilize
stem II had a less dramatic effect than those in stem I. Even
s0,in MgCl; at 37 °C, without denaturant, cleavage was down
10-50-fold for the SIIS’ and SII3’ mutants. The compensatory
changes made to stem II in SII5’3” would again be predicted
not to alter the stability of the helix (AAG® = 0 kcal/mol;
Frier et al., 1986), yet, as with stem I, the compensatory
combination resulted in a small (3-fold) increase in the rate
of cleavage relative to SA1-2, indicating that at least the
original rate of cleavage was restored.

The effect of disruptive and compensatory mutations in
stem II on ribozyme structure was also examined directly in
a structure probing experiment. Mutations in either side of
stem Il altered the pattern of V1 cutting in the 5’ sides of stem
II and stem loop III. Alterations in the nuclease digestion
patterns appear to be mostly localized toa 10-nucleotide region
comprising positions 17-26, even when the mutations are made
at positions 82 and 83 (compare WT to SII3’, and SIIS’ to
SI15’3); this result provides direct physical evidence for the
stem II interaction. Combined with the kinetic studies, it
validates the use of mutagenesis and functional assays tostudy
the HDV ribozyme structure.

We previously had shown that stem II is a feature which
serves to facilitate cleavage under conditions that would
otherwise lessen the overall stability of the RNA structure,
such as when denaturants are added to the reaction (Perrotta
& Been, 1990, 1991). In those reports, it was less obvious
that the mutations affected cleavage in the absence of
denaturants because the differences in rates of cleavage were
not apparent with the single time points shown. In this study,
we showed that the denaturant (10 M formamide) did
exaggerate the differences in the relative rates; the SIIS” and
3’ mutants were down 450-fold relative to the SA1-2 precursor.
However, the kinetics indicate that stem II is an important
feature for optimal self-cleavage in both the absence and
presence of denaturants.

A deletion at the 3’ end provides additional evidence for
stem II. A Ddel runoff of the antigenomic ribozyme can
generate a self-cleaving precursor which contains only 79 nt
¥’ tothe cleavage site (Been & Perrotta, 1991; Smith & Dinter-
Gottlieb, 1991). In our assays, this deletion resulted in a
50-500-fold decrease in the rate constant (SII5’/ Ddel relative
to SII5'3’/HindlIll, and SA1-2/Ddel relative to SA1-2/
HindIIl, respectively). Smith and Dinter-Gottlieb (1991)
observed a decreased extent of cleavage after 5 min at 37 °C
with a Ddel runoff relative to longer versions of an antigenomic
ribozyme precursor. They also observed decreased activity in
denaturant with the Ddel runoff, but attributed it to loss of
a 17-nt stem and loop structure which spans the 3’ boundary
of the ribozyme domain which we have defined as a minimal
sequence requirement (Perrotta & Been, 1991). That par-
ticular stem and loop would not form in the SA1-2 and variant
sequences that we have used, and as such, their results are

Been et al.

consistent with our model, but their model would not predict
our results.

Stem III. In addition to the current mutagenesis and
previous structure probing data (Rosenstein & Been, 1991),
stem III has an identical location relative to stems I and II
in both the genomic and antigenomic sequences, and contains
a covariant base pair (an A-U in the antigenomic is replaced
by a G-C in the genomic). As drawn, stem III could form a
coaxial stack with either stem I or stem II, although it may
well stack with neither. Since the 3’ side of stem II can be
deleted with only partial loss of activity, one might predict
that given the choice of one stacking possibility or the other
it must then stack on stem I. We would also consider an
additional interpretation of the same data; that is, stem II
contributes to the stability of the cleavable structure because,
through coaxial stacking, it could stabilize stem loop IIT and
maintain it in the most favorable position and configuration
for cleavage.

Several of the mutations in stem I1I that disrupt the potential
for base-pairing had large effects on the rates of cleavage, and
the compensatory mutations in stem III did not restore full
cleavage activity. Despite this partial restoration in activity,
the increase over the uncompensated mutation was substantial;
in one set of mutants, it was up perhaps 103-fold (C21g,C22g:
G30c,G31c) (Table I). A general negative effect of altering
the base pairs in stem III could have several explanations. It
is possible that base triplets or other tertiary interactions
involving the duplex would place constraints on the sequence
of stem III. In that regard, it is interesting that folding
programs which have been used to generate lowest free energy
secondary structures, but do not yet incorporate contributions
from tertiary interactions, did not predict stem III (Wu et al.,
1989; Thill et al., 1991). Another possibility is that stem loop
II1 is part of the catalytic core and alterations to the stem
perturb the loop structure, thereby affecting the rate of
cleavage by altering the active-site structure.

An interesting effect with deletions in the stem loop III
region of the genomic ribozyme has been reported by Suh et
al. (1992). In a small, apparently very active, form of the
genomic ribozyme (HDV88), a deletion that includes the 5/
side of stem II and all of stem and stem loop III resulted in
total loss of self-cleavage activity. However, in a less active
form of a precursor (HDV133), containing an additional 45
nt of flanking sequences not normally required for cleavage
activity (Perrotta & Been, 1991), the same deletion resulted
in substantial but partial loss of activity. They reported 45—
55% activity for this construct; however, those values are
derived from an end point: cleavage after 2 h at 50 °C. Using
data presented in the same paper (Suh et al., 1992), we
estimated that the active deleted version cleaves at a rate
some 103-10%fold slower than the SA1-2 precursor that we
are using, and perhaps 40—-100-fold slower than the nondeleted
slow-cleaving ribozyme (HDV133) that they used. These
data indicate that, in the small form of the self-cleaving
sequence (HDV88), the deleted sequences may be essential,
but when the longer form of the precursor (HDV133) is used,
either an essential function can be provided by flanking
sequences or a less active form of the ribozyme, perhaps missing
part of the catalytic center, is stabilized. Although cleavage
activity in the deleted form of HDV133 is very low, the
possibility that self-cleaving structures could be generated by
alternative sequences in the HDV genome could have im-
portant implications for self-cleavage in viral replication. It
also raises the intriguing possibility that the slower cleavage
observed with longer forms of genomic RNA is actually due
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to slow-cleaving conformers of the genomic sequence and is
not necessarily due to the slow conversion of inactive
conformers to the cleavable form.

Stem IV. We had hypothesized that the size of stem IV
may mask the effect of a few base changes. This would
especially be a problem if, as is almost certainly the case,
alternative pairing alignments in the stem were compatible
with a self-cleaving structure. Therefore, it was shortened to
4 base pairs but included a stabilizing tetraloop sequence
(Tuerk et al., 1988). This shortened version cleaved at least
as fast as the original sequence (SA1-2), and mutations in the
shortened version were consistent with a requirement for
pairing in stem IV, Alterations in the loop sequence had
smaller effects on the rate of cleavage (A. T. Perrotta and M.
D. Been, unpublished data). If stem IV is replaced by a
dinucleotide, the rate of cleavage drops dramatically (dSIVB,
Table I). Surprisingly, it still cleaves at about 1% of that of
SA1-2 even though this deletion would appear to seriously
perturb the geometry of the two strands joining stem IV to
stems I and IIL.

As in the antigenomic sequence, stem IV in the genomic
structure has been established as a paired structure that can
be replaced with a smaller stem and loop. Although Suh et
al. (1992) have deleted most of stem IV in the genomic
sequence and report a complete loss of activity, Thill et al.
(1991) have made a large but different deletion which could
maintain some pairing in stem IV and have found only a small
decrease in activity. Thill et al. (1991) did not report any
evidence for base-pairing in the remaining portion, but Wu
etal. (1992) have made deletions and linker scanner mutations
in stem IV of the genomic sequence, and these results are
consistent with a requirement for base-pairing.

If stem IV can be shortened considerably without loss of
cleavage activity, why then is it conserved as the largest and
possibly most stable pairing in the self-cleaving element? Most
likely, the in vitro conditions do not accurately represent the
in vivo situation, and perhaps a longer stem IV is required for
a stable self-cleaving structure in vivo. Likewise, removing
the self-cleaving sequence from the remainder of the HDV
sequence may obscure a requirement for stem IV in formation
of an active ribozyme (Branch & Robertson, 1991). Another
possibility is that stem IV serves as a ligand for an RNA
binding factor that has some essential role for viral replication.

Application to the Trans-Acting Ribozyme. A trans form
of the cleavage reaction in which stem I is generated through
an intermolecular association of an enzymatic RNA (ADC1)
and a substrate oligoribonucleotide has been described
(Perrotta & Been, 1992). CDC200 and PDC7 represent
smaller forms of RNA enzymes designed to cleave the same
substrate. Each is a composite sequence, differing in regards
to which stem, II or IV, is closed by a tetraloop sequence.
Introducing a loop at the end of stem I would limit the potential
for those sequences to form alternative pairings. Evidence
that both forms are active in the trans reaction provides
additional support for the overall secondary structure and
indicates that a general form of the model can be used in the
design of other novel enzymatic RNAs. If HDV ribozymes
can be generated from circularly permuted ribozyme se-
quences, it should be possible to close both stem II and stem
IV, thereby making a small circular ribozyme.

Implications for HDV Ribozyme Structure and Function.
These studies allow us to make some reasonable predictions
and hypotheses about the structure which are consistent with
available data or can be tested in further studies. (i) The
genomic and antigenomic ribozymes are two versions of the
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same structural motif. This is illustrated by the generation
of novel sequence combinations which have HDV ribozyme-
like structures and activity. (ii) Stem I, due to its association
with the cleavage site, is involved in cleavage site selection.
The trans-acting ribozymes (Perrotta & Been, 1992) provide
the best evidence for this, although it can also be tested in the
self-cleavagereaction. Targetspecificity in the transreaction
can be altered with changes to the 3’ side of stem I (Perrotta
& Been, 1992). (iii) The lengths of stems I and III are fixed
at 7 and 3 base pairs, respectively. The sizes of both are
conserved in the genomic and antigenomic elements despite
covariance in the sequences. (iv) Stems II and IV have
structural roles and serve to constrain the conformational
options available to the sequences joining them. The sizes
and sequences of stems IT and IV can be varied. (v) The
region joining stems I and II (JI/II) contains nonessential
sequences. The two trans-acting ribozymes suggest this to be
thecase. (vi) Almost by default, the active site will be formed
by specific nucleotides residing in stem loop III and the
sequences joining stems I and IV (JI/IV) and stems IV and
II (JIV/II). The intermolecular cleavage reaction described
by Branch and Robertson (1991) and Wu et al. (1992), if
interpreted with our model, would support an essential role
for the JIV/II sequence. These three joining sequences are
well conserved in the two secondary structures (Figure 1a,b);
JI/1IV is GGG, JIV/II is GC(U/G)AAg, and stem loop III
is UCCUCGCu, where parentheses indicate a variant position
and the lower case letter indicates an extra nucleotide in one
or the other of the sequences.
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