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ABSTRACT

The sequence requirements for self-cleavage of
hepatitis delta virus genomic RNA were examined using
precursor RNAs which were labeled at either the 5' or

3' ends and progressively deleted from the unlabeled
end. In the presence of 50% formamide, which
enhances self-cleavage in 2 mM MgCI2 at 370C, 84
nucleotides (nt) 3' of the break site were required. In
the absence of formamide the minimum was reduced
to 82 nt. Under both sets of conditions, precursors with
1 nt 5' to the break site cleaved. These results allowed
two condition-dependent minimal domains for self-
cleavage to be defined. However, in the absence of
formamide, sequences flanking the minimal domain
inhibited cleavage, possibly through involvement in the
formation of non-cleaving structures. These data are
consistent with the idea that cleavage in vivo could be
regulated by alternative RNA structures.

INTRODUCTION

Hepatitis delta virus (HDV) is a human pathogen with several
unusual facets to its replication and structure (1). The HDV
genome is a small (- 1700 nt) circular single-stranded RNA
(2-5) with extensive self-complementarity that allows the RNA
to fold into an unbranched rod-like structure under non-denaturing
conditions (6). Many of these features resemble those of some
pathogenic RNAs of plants. An additional similarity to the plant
pathogens is that genomic and antigenomic strands ofHDV RNA
contain sites that are capable of autocatalytic cleavage (self-
cleavage) in vitro (7-9).
A number of RNAs can fold into structures capable of

mediating either RNA cleavage (10-15) or concerted RNA
cleavage and ligation (eg. self-splicing) in vitro (16-18). Self-
cleavage reactions that are not associated with self-splicing can

be mediated by relatively small RNA structures (19). Although
many of these self-cleaving RNAs can be folded into a consensus

secondary structure known as a hammerhead (15), other

structures can also facilitate RNA self-cleavage reactions

(20-23). Two recently described examples of non-hammerhead
self-cleaving RNAs are those found in the genomic and the
antigenomic sequences of HDV (7-9).

The self-cleavage of RNA from the HDV genomic sequence

is enhanced by adding denaturants (5-7 M urea or 40-60%
formamide) to the reaction (24). Moreover, in the absence of
denaturants, the rate of cleavage at the genomic site is greatest
at low Mg2 + concentrations (<0.1 mM) or at elevated
temperatures (>50'C). Together, these data were taken to
indicate that conditions destabilizing for RNA structure may

enhance the cleavage reaction. The mechanism for the
enhancement is not known but, as suggested for other self-
cleaving RNAs, it is possible that, upon folding, the RNA may

form structures incapable of cleavage (15, 25). If such is the case

for HDV RNA, the denaturants could promote cleavage by
preferentially destabilizing the inactive forms or, if subsequent
steps are fast when the RNA is in the cleavable conformation,
by increasing the rate of interconversion of the various structures.
Other mechanisms by which a denaturant could affect the rate
of an RNA catalyzed reaction have been discussed by Zaug et
al. (26).
Here we describe minimal sequences required for cleavage at

the HDV genomic strand self-cleavage site and present evidence
that sequences that fall outside of this domain can inhibit the
cleavage reaction. The addition of denaturants appears to relax
the inhibitory effect of flanking sequences. A short sequence at
the 3' end of the minimal cleavage domain may confer extra
stability to the self-cleaving structure. Together, these features
could account for the enhanced rates of self-cleavage in the
presence of denaturants.

MATERIALS AND METHODS
Enzymes, Nucleotides, Oligonucleotides and Reagents
T7 RNA polymerase was purified from an over-expressing clone
provided by W. Studier (27). Restriction endonuclease EcoRI
was a gift from P. Modrich (Duke University). Other enzymes,
nucleotides and 32P-labeled nucleotides were purchased from
commercial sources. Oligonucleotides were synthesized by D.

Wright (Duke University) on an Applied Biosystems DNA

synthesizer. Formamide was recrystallized, and acrylamide
solutions were deionized with mixed bed resin; all other chemicals
were purchased from commercial sources and used as supplied.
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Plasmid DNA
The plasmid pDM1X was constructed and kindly provided to
us by M. Belinsky and G. Dinter-Gottlieb (Drexel University).
It contains 135 nt of HDV sequence (5), position 651 to 786 on
the map used by Wang et al. (2), inserted into the PstI/XbaI sites
of pGEM4Z (Promega) such that transcription with T7 RNA
polymerase yields a transcript with 19 nt of vector-derived
sequence at the 5' end followed by the genomic HDV sequence
and vector derived sequence at the 3' end, the length of which
depends on the restriction enzyme site used. Escherichia coli
(strain JM83) was transformed with pDM1X. Plasmid DNA was
prepared from overnight cultures by boiling lysis and purified
by CsCl equilibrium density centrifugation in the presence of
ethidium bromide (28).
The other plasmid (pSDI06) was generated by cloning a

polymerase chain reaction (PCR) product (29) into the SnaI site
of pUC19. The PCR primers were designed to generate a T7
promoter that overlapped the genomic HDV sequence 5' to the
position of the break site such that the T7 RNA polymerase
transcript began with nucleotide -3 (see Figure lB). Miniprep
DNA from several clones were sequenced as previously described
(30). The construct used in this study contained the entire
sequence of the intended PCR product and the orientation was
such that runoffs were made after digesting the plasmid with
EcoRI. Plasmid DNA was prepared as described above.

Preparation of Precursor RNA
Plasmid DNA was linearized with a restriction endonuclease
(XbaI or EcoRI) and the reaction was stopped by adding EDTA
to 25 mM. The products were extracted once with buffered
phenol and once with chloroform, and the DNA was recovered
by ethanol precipitation. The conditions used for transcription
were: 40 mM Tris-HCl (pH 7.5), 15 mM MgCl2, 2 mM
spermidine, 5 mM dithiothreitol (DTT), ribonucleoside
triphosphates at 1 mM each, 50 ,g/ml linear plasmid DNA, and
250 units of T7 RNA polymerase/gg of DNA. To make labeled
transcript from pSDl06 DNA, [a-32P]CTP was added to 0.5
mCi/ml. After 60 min at 37°C, EDTA was added to 25 mM,
formamide to 50%, and the RNA was fractionated by
electrophoresis on a 6% polyacrylamide gel containing 7 M urea.
RNA was located by UV shadowing or autoradiography and the
precursor was excised and the RNA was eluted overnight at 4 °C
in an elution mix containing either 0.75 M ammonium acetate,
1 mM EDTA, and 0.1% sodium dodecyl sulfate, or 10 mM
EDTA and 0.1% sodium dodecyl sulfate. The RNA was
recovered from the eluate by ethanol precipitation.

Preparation of End-labeled Transcripts
To make 5' end-labeled precursor RNA, 2 gg of gel purified
RNA was dephosphorylated with 1 unit of calf intestinal
phosphatase at 370C for 30 min in 10 mM Tris-HCl (pH 8.0),
1 mM EDTA. The reaction was extracted twice with buffered
phenol and once with chloroform. The RNA was recovered by
ethanol precipitation and resuspended in 7.5 IA1 of H20 and
labeled in a 10 M1 reaction containing 22 pmoles of [.y-32P]ATP
(7000 Ci/mmole), 50 mM Tris-HCl (pH 8.9), 10 mM MgCl2,
5 mM DTT, and 15 units ofT4 polynucleotide kinase. Incubation
was for 2 hours on ice (0-4°C) and the reaction was terminated
by addition of EDTA to 25 mM and formamide to 66%. The
RNA was gel purified as described above.

RNA was labeled at the 3' end with [5'-32P]pCp (31). Labeled
pCp was made by incubating 1 nmole of 3' CMP with 100 pmoles

of [y-32P]ATP and 30 units of T4 polynucleotide kinase in 50
mM Tris-HCl (pH 8.0), 10 mM MgCl2, 15 mM DTT (final
vol, 25 ul) at 37°C for 30 min followed by heating at 70°C for
5 min. The RNA was labeled in a 20 yd reaction containing 2 Fg
of RNA, 0.1 mM ATP, 10 units of T4 RNA ligase, 50 mM
Hepes (pH 7.5), 3.3 mM DTT, 15 mM MgC12, 10%
dimethylsulfoxide, and 5 dl of the above pCp reaction. It was
incubated on ice for 16 hours and stopped by adding EDTA to
25 mM and formamide to 66%. The labeled RNA was gel
purified as described above.

RNA Sequencing Reactions
Sequencing markers were generated by partial digestion of the
end-labeled RNAs with TI or U2 ribonuclease as described (32).
The alkaline cleavage ladder was generated by heating RNA in
25 mM sodium bicarbonate, 1 mM EDTA (pH 9.0) to 100°C
for 5 min.

Gel Electrophoresis
Sequencing gels contained 8% polyacrylamide (29:1
acrylamide:bis-acrylamide), 0.1 M Tris-borate (pH 8.3), 1 mM
EDTA and either 7 M urea or 7 M urea and 40% formamide.
The latter conditions were required to resolve fragments of 3'
end-labeled RNA that migrated in a region near the cleavage
product. Cleavage of internally labeled SD106 precursor was
assayed on 6% polyacrylamide gels containing 7 M urea, 50 mM
Tris-borate (pH 8.3), and 0.5 mM EDTA. Following
electrophoresis, the gel was transferred to filter paper, dried, and
an autoradiogram prepared using X-ray film.

RESULTS
The Minimal Sequence Requirement 3' of the Break Site
Varies with Reaction Conditions
Initial studies were carried out with precursor RNA transcribed
from pDM1X. The effects of denaturants, Mg2+ concentration,
and reaction temperature on the rate and extent of cleavage of
this transcript have been described (24). To identify minimal
HDV sequence requirements for self-cleavage, we used the
experimental approach described by Forster and Symons (19)
in their study on the self-cleaving RNA from the virusoid of
lucerne transient streak virus (vLTSV). Precursor RNAs (Figure
IA) were generated by transcribing pDMlX DNA digested with
different restriction endonucleases. These precursors were 5' end-
labeled and gel purified. A portion of this RNA was then partially
cleaved at random positions by alkaline treatment in the absence
of Mg2+ to generate a set of labeled fragments which would
share a common 5' end. On a sequencing gel, this randomly
cleaved RNA appeared as a 'ladder' of fragments, each differing
by 1 nt at the 3' end (Figure 2, lanes 1). Randomly cleaved RNA
was then incubated at pH 7.5 in Mg2+ (2 mM MgCl2 and 0.25
mM EDTA) to test for self-cleavage. Specific RNA fragments
capable of self-cleaving were identified by their decrease in or
their absence from the experimental lane. The smallest fragment
that cleaved in the absence of denaturant had 82 nt 3' ofthe break
site (lanes 5). In the presence of 50% formamide this minimum
size increased to 84 nt (lanes 6) (this difference will be difficult
to see in the reproduced photograph, it is more apparent in
Figures 5 and 6, below). After cleavage, the 32P-labeled RNA
accumulated at the position expected for 5' cleavage product
(arrow).
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A DM1X
-30 -20 -10

5' agacaagcuugcaugcCUGCA GIGGUCCGCGU UCCAUCCUUU CUUACCUGAU*

10 20 30 40 50
GGCCGGCAUG GUCCCAGCCU CCUCGCUGGC GCCGGCUGGG CMCAUUCCG

60 70 80 90 100
AGGGGACCGU CCCCUCGGUA AUGGCGMUG GGACCCACAA AUCUCUICUAG/

aggauccccggguaccgagcucgaauu

B SD106
-3 10 20 30 40

5' GAU- GGCCGGCAUG GUCCCAGCCU CCUCGCUGGC GCCGGCUGGG

50 60 70 80
CACAUUCQa AGGGGACCGU CCCCUCGGUA AUGGCGMUG GGACC

ggguaccgagcucgaauu

Figure 1. Sequences of the Transcripts Made from Plasmids pDMlX and pSD106.
Upper case letters are HDV sequence; lower case are vector sequences; the heavy
dot marks the break site and numbering is from this position. The double rt. The
sequences shown are for transcripts made from EcoRI cut plasmid DNA, the
diagonal slash indicates the end of the transcript made from XbaI cut pDMIX
DNA.
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Figure 2. Self-Cleavage of 5' End-labeled DM1X Precursor: Identification of
Required and Inhibitory Sequences 3' of the Break Site. Runoff precursor DM1X
RNAs made from pDMlX DNA digested with EcoRI (set A) or XbaI (set B)
were 5' end-labeled and gel purified. Portions were partially digested with RNase
Tl (G ladder, lanes 2) or RNase U2 (A ladder, lanes 3), or randomly cleaved
by alkaline treatment (lanes 1). The alkaline treated RNA was diluted and the
pH adjusted to 7.5 by the addition of Tris-HCI (pH 7.0). The randomly cleaved
RNA was incubated for 15 min at 37°C in either 50 mM Tris-HCI (pH 7.5)
and 0.25 mM EDTA (lanes 4), or in the same buffer containing in addition either
2 mM MgCI2 (lanes 5), or 2 mM MgCl2 and 50% formamide (lanes 6). In each

case the reactions were terminated by adding an equal volume of 95% formamide

containing 25 mM EDTA. Samples were analyzed by electrophoresis in an 8%
polyacrylamide gel containing 7M urea.

HDV Sequences can Inhibit Cleavage in the Absence of
Denaturants
With the EcoRI runoff transcript, cleavage was inefficient for
those fragments with more than 96 nt 3' of the break site unless
formamide was added to the reaction (compare tops of lanes 5
and 6, Figure 2A). Note that the HDV sequence extends to
nucleotide position 100. The XbaI runoff ends at position 100
(Figure IA) so there are no 3' vector sequences. However, there
was little or no cleavage of the full length XbaI transcript.
Therefore, in the absence of formamide, inhibition of cleavage
was seen with fragments that terminated within the HDV
sequence. It is not known to what extent, if any, the inhibition
by flanking regions is dependent on the specific sequence;
questions concerning potential for inhibition of cleavage by more
distal sequences, especially sequences derived from the vector,
are not addressed with this experiment.

Only One Nucleotide is Required 5' to the Break Site
By 3' end-labeling the precursor RNA, a similar approach could
be used to identify the required sequence 5' to the break site.
As before, a ladder of fragments was generated and these were
tested for the ability to self-cleave at pH 7.5 after the addition
of Mg2+ (Figure 3). There is a set of fragments that cleaved in
the absence of denaturants; the 5' end of these fragments extended
from a position near the break site to about 29 nt 5' to the break
site (lane 3). Following cleavage, the 32P-labeled product
migrated with the 3' fragment (arrow). Longer fragments which
did not cleave in the absence of denaturant, cleaved when 50%
formamide was included in the reaction (lane 4). The shortest
fragment that inhibited cleavage in the absence of denaturants
contained only HDV sequences at the 5' end. Again, the potential
role of non-HDV sequences in inhibition of cleavage cannot be
determined from this experiment.
From data shown in lanes 2-4 of Figure 3 it was apparent

that, at most, only a few nucleotides were required 5' to the break
site. The exact number was difficult to determine because the
product obscured the region of interest. To determine minimal
5' requirements, it was essential to test uncleaved RNA that
contained only 1 or 2 nt 5' to the break site. To make these
precursors, a 3' end-labeled DM1X transcript (XbaI runoff) was
partially digested with RNase TI (cuts 3' of G) and RNase U2
(cuts 3' of A). The sequence preceding the break site is
...GpApUp (Figure 1) so that truncated precursor RNAs,
containing just the dinucleotide (ApUp) or the mononucleotide
(Up) 5' to the break site, could be generated in these reactions.
Both of these RNAs, when gel purified and incubated with
Mg2+, produced a fragment that co-migrated with purified 3'
cleavage product (Figure 3, lanes 9, 14, and 18). This
demonstrated that both RNAs were capable of cleavage and that
one nucleotide 5' to the break site was sufficient for the self-
cleavage reaction. These results also make it unlikely that
cleavage of the shorter fragments in the hydrolysis mixture was
catalyzed by larger versions of the RNA acting enzymatically.
The addition of formamide to the reaction did not alter the result
(lanes 10 and 15). Thus, even under conditions that affected the
3' sequence requirements, a single nucleotide 5' to the break site
was sufficient for cleavage. However, [5'-32P]phosphorylated 3'
cleavage product showed no evidence for auto-dephosphorylation
in 2 and 10 mM MgCl2 at pH 5, 6, 7, or 8 (data not shown),
so a 5'-terminal phosphate group at the break site was not labile.
The results of the above experiments on the 5' and 3' end-labeled
RNA are summarized for the DM1X sequence in Figure 1A.
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Figure 3. Self-Cleavage of 3' End-labeled DM1X Precursor: Identification of
Required and Inhibitory Sequences 5' to the Break Site. Lanes 1-6: XbaI runoff
DM1X RNA was 3' end-labeled and gel purified. Portions were partially digested
with RNase TI (lane 5) or RNase U2 (lane 6) or randomly cleaved by alkaline
treatment and the pH adjusted as described in the legend to Figure 2. The randomly
cleaved RNA (lane 1) was incubated for 15 min at 37°C in either 50 mM Tris-
HCI (pH 7.5) and 0.25 mM EDTA (lane 2), or in the same buffer together with
either 2 mM MgCl2 (lane 3) or 2 mM MgCl2 and 50% formamide (lane 4). In
each case, the reactions were terminated as described for Figure 2. The arrow
indicates the position of the labeled cleavage product. Lanes 7- 18: RNA fragments
containing either 2 nt (lane 7) or 1 nt (lane 12) 5' to the break site were gel purified
from Tl and U2 partial digests, respectively. The RNA fragments were incubated
for 15 min at 37°C in either 50 mM Tris-HCl (pH 7.5) and 0.25 mM EDTA
(lanes 8 and 13), or in the same buffer together with 2 mM MgCl2 (lanes 9 and
14) or 2 mM MgCl2 and 50% formamide (lanes 10 and 15). After stopping the
cleavage reactions as described above, portions of the reactions shown in lanes
8 and 9 were mixed and loaded on to lane 11, and portions of 13 and 14 were
mixed and loaded onto lane 16. The T 1 fragment was analyzed in lanes 8-11
and the U2 fragment was analyzed in lanes 13-16. Lane 18 contained gel purified
3' end-labeled cleavage product. Samples were analyzed on an 8% polyacrylamide
sequencing gel containing 7 M urea and 10 M formamide; a similar gel was used
to purify the specific TI and U2 fragments.

Characterization of the Domain 3' of the Break Site

The above experiments independently defined minimal sequences
required either 5' to or 3' of the site of cleavage. However, it
is possible that portions of both the 5' and the 3' domain could
act autonomously to provide sequence or structure for cleavage.
If so, then the non-essential 5' and 3' sequences, as defined above,
could not be deleted in the same precursor without loss of
cleavage activity. To test this, a T7 promoter sequence was
incorporated just 5' to the position of the site of cleavage such
that transcription with T7 RNA polymerase generated a precursor
with only the sequence pppGpApUp preceding the break site.
This precursor RNA (SD 106, Figure IB) also had 85 nt of HDV
sequence 3' of the break site followed by cloning site vector
sequence. SD 106 precursor RNA cleaved efficiently in the
presence of Mg2+ (Figure 4A). The release of a 5' fragment of
the correct size was confirmed by analyzing the cleavage products
of 5' end-labeled precursor on a 20% polyacrylamide sequencing
gel (data not shown).
To test if deleting all but 3 nt of the 5' portion would affect

the size of the required 3' domain, the 3' deletion experiment

Figure 4. Self-cleavage of SD 106 Precursor RNA. A. Internally-labeled SD 106
RNA was synthesized using [cx-32p] CTP so that no label is incorporated 5' to
the cleavage site (see Figure 1). The gel-purified precursor was incubated for
5 min at 37°C in 50 mM Tris-HCI (pH 7.5), 1 mM EDTA, and either 0%, 20%
or 40% formamide. The self-cleavage reaction was initiated by adding MgCI2
to 3 mM and aliquots were removed at the indicated times and stopped with 3
volumes of 95% formamide containing 25 mM EDTA and tracking dyes. Samples
were run on a 6% polyacrylamide gel containing 7 M urea, the gel was dried
and exposed to X-ray film. B. RNA was located using the autoradiogram, excised
and the results quantified by counting Cherenkov scintillation. Results are expressed
as the natural log of the fraction of uncleaved precursor (ln F) as a function of
time. Open circles, no formamide; closed triangles, 20% formamide; closed
squares, 40% formamide. The numerical value adjacent to each line is the half
time (tj/2, min) of the precursor calculated from the the slope (-k).

was repeated with 5' end-labeled SD106 precursor RNA. An
alkali generated ladder of the 5' end-labeled precursor was
incubated in the presence of Mg2+ (Figure 5, lane 3) or Mg2+
and formamide (lane 4). In the absence of denaturant, a fragment
with 82 nt of 3' sequence cleaved, but removal of one additional
nucleotide prevented cleavage. Adding formamide to 50%, again
added 2 nt to the minimum required for efficient cleavage. In
the same experiment, some other conditions for self-cleavage
were surveyed. Adding urea to 5 M (lane 5) had an effect similar
to the formamide, whereas adding ethylene glycol to 50% did
not (lane 6). [Ethylene glycol at 50% will stimulate the rate of
cleavage of the DM1X precursor but it does so to a lesser extent
than either 5 M urea or 50% formamide (unpublished results).]
Either Mn2+ or Ca2+ could substitute for Mg2+ in the cleavage
reaction and, in the absence of denaturants, the RNA fragments
capable of cleavage were the same as with Mg2+ (compare lane
3 with lanes 7 and 8). These results are summarized for the
sequence of SD106 in Figure lB.

All of the above reactions using alkali generated fragments of
5' end-labeled SD106 precursor RNA were incubated for 15 min
in buffers containing 2 mM MgCl2. However, cleavage is time
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Figure 5. Self-cleavage of 5' End-labeled SD106 Precursor RNA; Identification
of Required Sequences. Sequence requirements for self-cleavage of SD106
precursor RNA was examined. An RNase T1 partial digest (G ladder) is shown
in lanes 1 and 9. Randomly cleaved RNA was incubated at 37°C for 15 min
in 50 mM Tris-HCl (pH 7.5), 0.25 mM EDTA (lane 2). Other reactions, in
addition, contained: 2 mM MgCl2 (lane 3); 2 mM MgCl2, 50% formamide (lane

4); 2 mM MgCl2, 5 M urea (lane 5); 2 mM MgCl2, 50% ethylene glycol (lane
6); 2 mM CaC12 (lane 7); or 2 mM MnCl2 (lane 8). The sequence at the 3' end
of the shortest fragments to cleave in the absence or presence of 50% formamide
is shown. The 5' cleavage product was run off the gel.

dependent and can be relatively slow under some conditions (24).
The cleavage of a 5' end-labeled SD106 ladder was followed in
a 30 min time course (Figure 6). The patterns indicated that in
2 mM MgCl2 without formamide, most fragments ending at
position 83 had cleaved in 5 min (lane 4), and most fragments
ending at position 82 had cleaved by 15 min (lane 5). Less
obvious perhaps, after 30 min in 10 mM MgCl2 without
formamide, there was a small decrease in the amount of the the
fragment containing only 81 nt of 3' sequence (lane 16) suggesting
that it was slowly being cleaved. However, raising the MgCl2
concentration to 20 mM (lane 22) only slightly enhanced cleavage
of this particular fragment. For the most part, to effect rapid
cleavage, 82 nt appear to be a lower limit for the 3' domain.
In 2 mM MgCl2 and formamide there was some cleavage of the
fragment containing 84 nt of 3' sequence after 30 min (lane 10)
but it was incomplete. The effect of 50% formamide could be
partially offset by raising the MgCl2 concentration from 2 to 10
mM (lanes 7-10 and 17-20) in that some of the fragments
containing 82 and 83 nt of 3' sequence were cleaved with the
higher MgCl2 concentration. Therefore, it appears that the

2 mM MgCI2 Tl U2 10 mM MgC12

+ Formamide + Formamide

ir c (min) 1 5 15 30 1 5 15 30 5 15 30 5 '5 30

Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 109 2021 22 23

'am
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Figure 6. Time course for cleavage of 5' end-labeled SD106 ladder at low and
high MgC12 concentrations. The 5' end-labeled SD106 ladder was prepared as

described for Figure 5. The RNA in lane 1 received no further treatment. The
RNA in lanes 2 and 21 were incubated for 30 min in 50 mM Tris-HCl (pH 7.5)
0.25 mM EDTA at 370C. For the cleavage reaction, RNA was incubated in the
same buffer with the addition of 2 mM MgCI2 (lanes 3-10), or 10 mM MgCI2
(lanes 13-20) and 50% formamide (lanes 7-10 and 17-20). Aliquots were

removed at 1, 5, 15 and 30 min as indicated and the reaction terminated by the
addition of an equal volume of 95% formamide containing 25 mM EDTA. Lane
22 contained RNA incubated for 30 min at 37°C in 20 mM MgCI2, and lane
23 contained RNA incubated at 30°C in 2 mM MgCl2. Lanes 11 and 12
contained sequencing ladders as indicated.

nucleotides at positions 83 and 84 are not essential for cleavage
activity but may stabilize the structure required for cleavage.

Deleting Distal Flanking Sequences Can Enhance the Rate
of Cleavage
With the DM1X precursor, denaturants enhance the cleavage
reaction (24). One explanation of the enhancement effect,
consistent with results presented in this paper is that sequences

outside of the cleavage domain inhibit the cleavage reaction only
in the absence of denaturants. If so, deleting the inhibitory
sequence should increase the rate of cleavage. The data for
cleavage of SD106 precursor from the experiment shown in
Figure 4A were quantified to determine the rates of cleavage
(Figure 4B). At 37 'C in 2 mM Mg2+ and in the absence of
denaturant, the half time(t112) of the reaction was about 3.5 min.
This is approximately a 20-30 fold enhancement over the rates
of cleavage seen with the longer (DM1X) precursors under
similar conditions (t1/2 = 65-120 min) (24, A.T.P. and
M.D.B. unpublished data). However, cleavage of the SD106
precursor is still enhanced by the addition of formamide (t1/2 =
0.5 min in 20% formamide and t1/2 = 0.2 min in 40%
formamide). The SD106 precursor contained 18 nt of 3' vector
derived sequence and, if this vector sequence is inhibitory, it may
account for the residual enhancement upon addition of formamide
to the reaction. Alternatively, it could be that formamide also
acts at another step in the reaction, a step which becomes rate
limiting with the SDl06 precursor.

DISCUSSION

This work was prompted by the unexpected finding that
denaturants dramatically enhance the rate of self-cleavage at the
HDV genomic RNA self-cleavage site (24). It would now appear
that at least part of this effect is the result of destabilizing
inhibitory structures generated by flanking sequences. Inhibition
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of cleavage by flanking sequences is not without precedent. The
appearance of a 'window' of cleavable fragments in the alkali
generated ladder was also seen in the sequence 5' to the break
site of the vLTSV RNA (19). Those authors hypothesized that
the formation of a stable hairpin structure involving 5' sequence
interferes with the formation of the active hammerhead self-
cleaving structure. With the HDV RNA, finding that the cleavage
of many of the longer fragments with 3' ends distal to the
boundaries of the cleavage domain could be promoted by adding
denaturant would also be consistent with the general idea that
structures involving flanking sequences may inhibit cleavage. In
support of that idea, the rate of cleavage is enhanced with the
SD 106 precursor for which some of the flanking sequences have
been removed.

This study has defined the boundaries of the minimal sequence
required for efficient self-cleavage of the HDV genomic-strand
RNA. The methods used do not address the question of what
sequences within these boundaries are required for activity. The
accurate determination of these boundaries, however, will be
useful both in generating a model for the secondary structure of
the RNA and in designing experiments aimed at further reducing
the size of the cleavage domain through internal deletions. The
minimum is dependent on the reaction conditions. In the absence
of denaturant, the smallest fragment that efficiently cleaved
extended from position -3 to 82, but fragments containing only
one nucleotide 5' to the break site also cleaved. Potentially, the
minimum extends from position -1 to 82 although, due to the
difficulty in generating purified labeled substrate with that specific
sequence, that fragment has not been tested. In the presence of
50% formamide or 5 M urea, and low concentrations of Mg2+,
two additional nucleotides are required for efficient self-cleavage.
The smallest fragment that cleaved efficiently under these
conditions extended from -3 (or potentially from -1) to 84.
In the presence of denaturants, the additional nucleotides may
be required to stabilize an interaction required for the formation
of the cleavable structure. It is possible that the observed essential
sequence could be reduced further by conditions that provide
additional stability to the structure. However, in the absence of
denaturants, higher Mg2+ did not dramatically reduce the size
of the 3' sequence necessary for cleavage. It is also necessary
to keep in mind that, if the self-cleavage reaction is
physiologically important, it must occur in the context of
precursors much larger than the fragments used to define the
minimal cleavage domains. As such, it is possible that additional
sequences, not required for the reactions in vitro, are essential
to either generate the active structure or to suppress the formation
of inhibitory structures in vivo.

It would appear that the sizes of the self-cleaving domains,
as we have defined them, differ significantly from results
published by Kuo et al. (7). In that paper it was reported that
self-cleavage of the genomic strand RNA requires 30 nt 5' and
74 nt 3' of the break site. However, to identify sequences required
5' to the break site, those authors used primer extension on
hydrolysis products after cleavage. That method would not have
identified a minimal requirement of only a single nucleotide 5'
to the break site. In addition, that method may be subject to other
artifacts as a result of template fragments in the hydrolysis
mixture. With regard to the 3' domain, careful inspection of
patterns in the hydrolysis ladder (such as compressions and
enhanced cleavages 5' to Gs) shown in Figure 4 of Kuo et al.
(7) indicates that those authors got results similar to those of
Figure 2 of this paper (82 nt required), but in the absence of
markers they underestimated the size of the smallest fragment

that cleaved. We therefore consider it unlikely that there are actual
inconsistencies with the results of Kuo et al. (7), but the correct
numbers are as reported here.

It has often been possible with other self-cleaving and self-
splicing RNAs to physically separate the 'ribozyme' into enzyme
and substrate portions (33 -35). For HDV self-cleaving RNA,
similarly successful separations may be possible. If the single
nucleotide required 5' to the break site is viewed as part of the
substrate, then the remainder of the substrate and the entire
catalytic portion must reside in the sequence 3' of the break site.
Our results indicate that, for self-cleavage of the HDV genomic
RNA, significant interactions with 'substrate' sequence 5' to the
site of cleavage may be limited to the uridine at the break site.
Although the requirement for a longer sequence might be
anticipated, self-cleavage of the vLTSV RNA requires only 3
nt 5' to the break site (19) and there is precedent for even shorter
sequences flanking the sites of cleavage in other RNA catalyzed
reactions. For example, a ribozyme derived from the
Tetrahymena group I intron catalyzes the cleavage of substrates
as small as dinucleotides (36). The same ribozyme is even capable
of acting as a phosphotransferase and an acid phosphatase,
reactions involving a terminal phosphate (37).
The accurate determination of the minimal cleavage domain

may be of consequence to understanding the pathogenesis of
hepatitis delta virus. Negro et al. (38) have noted a striking
complementarity of sequence between two regions of HDV
antigenomic RNA and the human 7SL RNA of the signal
recognition particle. This, of course, also identifies regions of
sequence similarity between the genomic strand ofHDV and 7SL
RNA. Although the significance of this complementarity (or
similarity) is not known, it is hypothesized that the viral RNA
may play a role in the pathogenesis through direct action on the
RNA component of the signal recognition particle. Two
hypothesized mechanisms for this action involve either formation
of a duplex with the antigenomic strand (38) or trans-cleavage
of 7SL RNA by an HDV genomic RNA ribozyme (39). We
would like to draw attention to the fact that the region of similarity
between the 7SL RNA (nt 10-55) and the genomic strand of
HDV (nt 683-724, numbered according to Wang et al., (2))
falls almost entirely within the 5' half of the minimal self-cleaving
domain of HDV RNA and includes the break site (nucleotide
positions -3 to 39 relative to the site of cleavage). While it is
possible that these similarities or complementarities are the
molecular basis of HDV pathogenesis, an additional interesting
prospect is that the sequence relationships allow HDV RNA to
subvert cellular factors for virus replication.
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